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Abstract 
Current work focuses on the development and performance evaluation of advanced 
flamelet models for turbulent non-premixed and partially premixed combustion in 
RANS and large eddy simulation (LES) based modelling. A RANS based combustion 
modelling strategy which has the ability to capture the detailed structure of turbulent 
non-premixed flames, including the pollutant NO, and account for the effects of 
radiation heat loss and transient evolution of NO, has been developed and 
incorporated into the in-house RANS code. The strategy employs an 'enthalpy-defect' 
based non-adiabatic flamelet model in conjunction with steady or unsteady non-
adiabatic flamelets based NO submodels. 
The performance of the non-adiabatic model and its NO submodels has been assessed 
against experimental measurements and steady flamelet model predictions for 
turbulent CH41H2 bluff-body stabilized and CH4-air piloted jet flames. Appreciable 
improvements in the mean thermal structure predictions have been observed in the 
piloted jet flames by consideration of radiation heat loss through the non-adiabatic 
flamelet model. Since transient effects were weaker in the piloted jet flame, both 
unsteady and steady non-adiabatic NO submodels provided similar level of 
improvement in the pollutant NO predictions in comparison to their adiabatic 
counterparts. Transient effects were, however, dominant in the bluff-body flame. The 
unsteady non-adiabatic NO submodel provided excellent agreement with measured 
NO distribution in comparison to the appreciably overpredicted distribution by its 
steady counterpart. The strategy of non-adiabatic flamelet model in conjunction with 
unsteady non-adiabatic NO submodel seems to provide an accurate and robust 
alternative to the conventional strategy of steady flamelet model with steady NO 
submodel. 
While addressing the limitations of steady flamelet model in regard to radiation and 
slow chemistry of NO is one objective of this research, extending the applicability of 
the model to partially premixed combustion has been pursued as the second objective. 
Abstract 
Flamelet/progress variable (FPV) approach based combustion models, which have the 
potential to describe both non-premixed and partially premixed combustion, have 
been incorporated in the in-house RANS and LES codes. Based on the fonn of the 
PDF for reaction progress variable, two different fonnulations, FPV-o function model 
and FPV -p function model, have been derived. The perfonnance of these models in 
predicting the thennal structure of a partially premixed lifted turbulent jet flame in 
vitiated co-flow has been evaluated with both RANS and LES. Both the FPV models 
have been found to successfully predict the flame lift-off even with RANS, while 
employing SLFM resulted in a false attached flame. The mean lift-off height is 
however underpredicted by FPV -0 function model by -50% while the FPV -P function 
model which accounts for the fluctuations in the reaction progress variable 
overpredicted the height by 27%. The fonn of the PDF for reaction progress variable 
thus seems to have a strong influence on predictions of gross characteristics of the 
flame. 
Adopting LES based modelling has been found to greatly improve the perfonnance of 
the FPV models. While the deviation in mean lift-off height with FPV -0 function has 
been reduced to 30%, the mean lift-off height with FPV -P function model was 
predicted remarkably close to the measured value (predicted nonnalized lift off 
height=35.4 while measured height=35.0). LES has been found to also help in 
realizing the ability of the FPV models to predict to a fair degree, the local extinction 
and re-ignition phenomena associated with the fluctuation of the lifted flame base. 
The P function model in particular has been found to predict the lifted flame base 
characteristics remarkably well. However, the extinction and re-ignition observed 
with the models has been found to be limited to the conditions on the fuel rich side of 
stoichiometric mixture fraction and hence the measured level of fluctuation in the 
flame base is not yet captured. Nevertheless, the FPV models provide major 
advantage over SLFM in that the models are able to capture the gross characteristics 
of partially premixed flames. The FPV-P function model in conjunction with LES 
presents an excellent prospect for further research. 
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Chapter 1 
Introduction 
1.1 Motivation 
With the environmental regulations on combustion generated pollutants becoming 
stringent, optimum design of combustors, mainly those pertaining to automobile, 
aircraft, marine and industrial engines, is now of greater necessity than ever before. 
Modern day advanced combustors involve rapid mixing and short combustion times 
with complicated flow patterns to ensure proper flame stabilization. Design 
optimisation of the combustors thus demands a significant amount of testing, and 
industry is increasingly adopting numerical modelling to assist experimentation in this 
regard. Numerical modelling facilitates studying a wide range of coupled, interacting 
physical and chemical phenomena within the turbulent combusting flows, more 
closely and with greater flexibility compared to experiments. However, it is important 
that the predictive capability of numerical modelling is of sufficient engineering 
accuracy for the predictions to provide the right guidance to designers and 
consequently help in reducing the extent of experimentation and thereby the design 
cycle time and cost. 
Amongst the available numerical modelling techniques, Direct Numerical Simulation 
(DNS) provides the highest accuracy as all the time scales and length scales involved 
in a turbulent combusting flow are completely resolved. However, the process of 
calculating a time dependent solution of the exact Navier Stokes equations and the 
equations pertaining to the transport of chemical species requires high end 
computational resources. Despite the significant advancements in computer 
technology, application of DNS has only reached as far as flows with Reynolds 
numbers of the order of 3000 in very simple geometries. Reynolds numbers for flows 
in practical combustors are several orders of magnitude higher and hence application 
ofDNS to practical combustor flows cannot be envisaged in the foreseeable future. 
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Two alternative methods which avoid resolving the small scales by resorting to some 
form of averaging of the governing equations are the Reynolds Averaged Navier 
Stokes (RANS) and Large Eddy Simulation (LES) technique. RANS technique, in 
stark contrast to DNS, involves modelling all the scales and solves only for mean 
quantities in the flow. The result is a significant reduction in computational time 
which makes RANS best suitable for practical applications. Currently, RANS based 
simulation of complex combusting flows in large and intricate combustor geometries 
with nearly exact representation of the actual geometry has become an established 
practice in the gas turbine industry (Mongia, 2002). However, in RANS, significant 
amount of modelling of the governing equations is necessitated due to averaging of 
the equations. Consequently, it is critical for the adopted mathematical models, viz. 
for turbulence and combustion, to be of sufficient accuracy for RANS to provide 
reliable predictions. While the k-s based models and the Reynolds Stress model have 
been more or less accepted as the preferred models for turbulence closure, there is an 
ever growing demand to increase the level of sophistication of the combustion 
models. 
Over the past two decades, significant amount of research in numerical combustion 
has focus sed on the development of RANS based combustion models which account 
for non-premixed and premixed combustion. The models which are developed on 
infinitely fast chemistry assumption are the simplest of all and are associated with 
quick turn around times. The most popular of these models include the Conserved 
Scalar Equilibrium Model which is valid for non-premixed combustion and the Bray 
Moss Libby Model (Bray and Moss, 1977; Libby and Bray, 1981) valid for premixed 
combustion. The models based on infinitely fast chemistry have significant limitations 
in regard to predictions of emissions. 
Models which have been developed to account for finite-rate chemistry include, the 
PDF Transport Equation Model of Pope (1985) and Linear Eddy Model (LEM) of 
Kerstein (1992), Laminar Flamelet Model based on mixture fraction (peters, 1984), 
Laminar Flamelet Model based on G-equation (Peters, 1986) and the Conditional 
Moment Closure Method (CMC) independently derived by Klimenko (1990) and 
Bilger (1993). The PDF and LEM models are applicable to both non-premixed and 
premixed combustion and are currently the most advanced combustion modelling 
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methods. However, their use in practical applications is as yet scant as the 
computational expense associated with these models is significantly high especially 
when elaborate chemical reaction mechanisms need to be considered in the analysis. 
The CMC Method and the Laminar Flamelet Model based on mixture fraction are 
formulated for non-premixed combustion while the Laminar Flamelet Model based on 
G-equation is formulated for premixed combustion. The CMC method is closely 
related to the flamelet model for nonpremixed combustion. However, the 
computational time needed for chemistry calculations with CMC is much higher than 
the flamelet model for nonpremixed combustion. 
Most of the numerical modelling work using detailed chemistry in turbulent 
combustion is currently being done using flamelet models. The flamelet concept 
allows for numerical separation of turbulence and chemistry calculations leading to 
economic computational times whilst offering sufficient engineering accuracy in 
predicting low to moderate finite rate chemistry effects. The Laminar Flamelet Model, 
particularly for non-premixed combustion, is being extensively used in the gas turbine 
combustor industry (Held and Mongia, 1998a, 1998b; Held et al., 2001) where CFD 
driven design of combustors essentially working in non-premixed mode is progressing 
at a rapid pace. 
Consequently, there is also a growing demand to advance the predictive capability of 
the model especially in regard to capturing slow chemical phenomena such as NOx 
formation, physical phenomena such as radiation and extreme finite rate effects like ' 
extinction and re-ignition which influence pollutant formation. Also, with the new 
generation low NOx emission/Iow fuel consumption combustion systems using both 
the non-premixed and premixed modes of combustion, there is an interest in 
extending the applicability of the flame let models, originally developed for non-
premixed combustion, to partially premixed combustion. 
Research aimed at advanced flamelet based models is thus of practical interest, as the 
advanced models are expected to enhance the utility of RANS based modelling which, 
is currently the main predictive tool for carrying out design iterations in the industry. 
While there is little doubt that RANS based modelling will continue to thrive as a 
design tool for at least the next decade or so, LES of turbulent combustion has started 
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establishing itself as an accurate and sophisticated alternative to RANS. Although 
LES of turbulent combustion has emerged as a science only in the 1990's and hence it 
is relatively new field, it has already been applied to a variety of combustion problems 
of technical interest including aircraft engine combustion (Moin 2002, Di Mare et ai, 
2004), blow-off in gas turbine combustors (Stone and Menon, 2003) and combustion 
generated instabilities (Pitsch, 2006). The relentless advancement in computer 
technology has been the main factor behind the rapid emergence of LES. However, 
much of the necessary theory for combustion LES has yet to be developed and the 
performance of the incorporated mathematical models stills needs to be corroborated 
for the large variety of combusting problems which exist in practice. 
LES is motivated by the limitations of RANS and DNS and lies in between each of 
the two approaches in terms of computational expense. Unlike RANS, where all the 
scales are modeled, LES resolves the large scale turbulent motions which contain the 
majority of turbulent kinetic energy and control the dynamics of turbulence while 
modelling is restricted only to the small scales or the subgrid scales. Additionally, the 
model co-efficients for the sub-grid scale models can be determined as part of the 
solution by employing dynamic modelling (Germano et al. 1991). Thus, LES is 
expected to provide a more accurate and reliable representation of turbulence as 
compared to RANS, especially in flows where large-scale unsteadiness is significant. 
Typical examples include, the reciprocating engine flows and combustion generated 
instabilities in gas turbine engines. 
The advantage with resolving the large scale motion is however not applicable to 
chemical source term as chemical reactions in turbulent flows occur essentially on the 
smallest scales. Thus, as with RANS, the chemical source term is entirely modelled. 
Despite this, LES still provides a substantial advantage because the scalar mixing 
process which is of paramount importance in chemical conversion can be predicted 
with a considerably improved accuracy as compared to RANS in complex flows 
(Pitsch, 2006). 
The fact that combustion needs to be entirely modelled in LES means that the 
combustion models originally developed for RANS could be extended to LES. The 
flamelet models stand as a popular choice for subgrid scale combustion modeling as 
-4-
Introduction 
detailed chemistry can be incorporated with the least penalty in computational cost 
which is as such an order of magnitude higher with LES as compared to RANS. 
Extension of flamelet models to LES of non-premixed combustion and their 
performance evaluation has drawn significant research in the past (Cook and Riley, 
1998; Pitsch and Steiner, 2000; Pits ch, 2002; Mahesh et al., 2004; Raman and Pitsch, 
2005) and it is ever growing due to the increasing interest shown by industry to adopt 
LES as an advanced numerical tool. 
A recent breakthrough in flamelet based modelling of turbulent non-premixed 
combustion is the FlameletlProgress Variable (FPV) approach of Pierce and Moin 
(2004). Using LES, this flamelet based approach has been shown to exceed the 
accuracy of the flamelet model of Peters (1984) for non-premixed combustion. An 
interesting advantage that has been claimed (Pierce and Moin, 2004) with this 
approach is its ability to simultaneously account for partia!ly premixed combustion. 
Such versatility is indeed of great advantage in practical applications. Hence, research 
work that can further explore the strengths and weaknesses of this approach and 
contribute to its development is not only of academic interest but also of practical 
interest. The predictive capability of the FPV approach in LES of turbulent partially 
premixed combustion and the extent to which RANS based modelling could benefit 
from the approach are questions yet to be answered and hence attract research 
attention. 
Motivated by the current and future needs of the industry, in particular the gas turbine 
industry, present research work focuses on advancements in flame1et models for 
RANS and LES based modelling of turbulent gaseous non-premixed and partially 
premixed combustion. 
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1.2 Objectives 
The specific objectives of the current research are: 
I. Develop and evaluate the predictive capability of a RANS turbulent non-
premixed combustion modelling strategy which is· based on a steady non-
adiabatic flamelet model integrated with steady or unsteady non-adiabatic 
flamelets based pollutant NO submodels. 
2. Conduct the first ever investigation into the predictive capability of 
FlameletIProgress Variable approach based combustion models in turbulent 
partially premixed combustion using RANS and LES based modelling 
approaches. 
It was proposed to conduct the current research by incorporation of the advanced 
flamelet models into the in-house FORTRAN based RANS and LES numerical codes. 
Thus, by achieving the aforementioned objectives, it is expected that this research 
would not only contribute to the knowledge in the predictive capability of the 
advanced models but would also enhance the sophistication of the in-house RANS 
and LES combustion modelling facility. 
In order to achieve the ultimate objectives of this research the following tasks have 
been laid out to be accomplished: 
I. I Incorporation of a Reynolds stress transport model based turbulence 
closure in the in-house RANS code 
1.2 Incorporation of steady laminar flamelet model, non-adiabatic flamelet 
model and flameletlprogress variable approach based models in the in-
house RANS code with the capability of conducting calculations through a 
computationally efficient look-up-table strategy. 
1.3 Development of pollutant NO post-processing tools based on steady and 
unsteady flamelets based NO submodels. 
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1.4 Development of pre-processing tools for generating pre-integrated look-
up-tables specific to a combustion model for RANS and LES combustion 
calculations. 
1.5 Incorporation of a steady laminar flamelet model and flameletlprogress 
variable approach based models in the in-house LES code with the 
capability of conducting calculations through look-up-table strategy. 
1.6 RANS based modelling of turbulent non-premixed bluff-body stabilized 
flames and piloted jet flames with steady flamelet model and non-adiabatic 
flamelet model in conjunction with pollutant NO submodels and RST 
model for turbulence closure. 
1.7 LES and RANS based modelling of turbulent partially premixed lifted jet 
flames using flameletlprogress variable approach based models as well as 
the steady laminar flamelet model. 
1.3 Thesis outline 
In this chapter the motivation behind this research and the specific objectives have 
been discussed. The remainder of the thesis has been organized as follows: 
Chapter 2: Literature in the area of flamelet based modelling of turbulent non-
premixed and partially premixed combustion has been reviewed. Works carried out in 
the context of both RANS and LES has been presented. 
Chapter 3: The governing equations for turbulent combusting flows in their 
instantaneous form have been presented along with an overview of the different 
simulation methods, DNS, LES and RANS. 
Chapter 4: The RANS and LES approaches of modelling turbulence have been 
presented. With respect to the RANS approach, the k-e model and the Reynolds stress 
transport model based turbulence closures adopted in the presented study have been 
presented. The LES formulation has been discussed in detail through the description 
of filtering technique, models employed for the closure of subgrid stress and models 
employed for closure of subgrid scalar fluxes. 
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Chapter 5: Combustion models incorporated into the in-house RANS and LES 
codes have been presented. The formulations of the steady flamelet model, the non-
adiabatic flamelet models and the different NO submodels used by the RANS 
calculations have been presented first. Subsequently, the extension of steady flamelet 
model to LES has been presented. Finally, the motivation for the development of 
flamelet/progress variable approach has been explained and its formulation in LES 
and RANS based modelling has been presented. 
Chapter 6: The numerical approach adopted by the in-house RANS and LES codes 
has been presented. A detailed description of the working procedures of the RANS 
and LES combustion calculations with the different combustion models and NO 
submodels has been presented. 
Chapter 7: The pre-processing calculations required to generate the inputs for the 
RANS and LES combustion calculations has been presented. The process of 
generating the different types of flamelets for the different flames modelled in the 
present study has been discussed first. Subsequently, processing of these flamelets to 
obtain pre-integrated look-up-table has been discussed. A detailed working procedure 
has been presented for the pre-processing tools developed for the steady flamelet 
model, non-adiabatic flamelet model and the FPV approach based models. 
Chapter 8: Results from the RANS based modelling of turbulent non-premixed 
bluff-body stabilized and piloted jet flames using the steady flamelet model and non-
adiabatic flamelet model in conjunction with pollutant NO submodels have been 
presented and the relative performances of the models has been discussed. 
Chapter 9: Results pertaining to the RANS and LES based modelling of turbulent 
partially premixed lifted jet flames with steady flame let model and the 
flameletlprogress variable approach based models have been presented and the 
relative strengths and limitations of the models has been discussed. 
Chapter 10: Conclusions from the modelling study, directions for future work and 
key contributions from the current research work have been presented. 
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Literature Survey 
In this chapter, research works which have contributed to the development of flamelet 
models for RANS and LES based modelling of turbulent non-premixed and partially 
premixed flames have been reviewed. Works employing flamelet models for turbulent 
non-premixed flames have been discussed in section 2.1 followed by the works on 
flameIet models specifically developed for partially premixed flames in section 2.2. 
Since the flamelet/progress variable approach has been originally developed for 
turbulent non-premixed combustion but the current interest is to apply it to partially 
premixed combustion, works carried out on this approach have been dealt separately 
in section 2.3. 
2.1 Flamelet models for turbulent non-premixed 
combustion 
In the process of turbulent non-premixed combustion, fuel and oxidizer enter 
separately into the combustion chamber where they mix' and burn during continuous 
interdiffusion (Example, industrial furnaces, diesel engines, and traditional gas turbine 
combustors). Turbulent nonpremixed combustion is often referred to as turbulent 
diffusive combustion or combustion in diffusion flames since diffusion is the rate-
controlling process. The laminar flamelet model of Peters (1984) also known by 
steady or stretched laminar flamelet model (SLFM) is based on the proposed view of 
Williams (1975) that a turbulent diffusion flame consists of an ensemble of 
'flamelets' which are stretched in a turbulent reacting flow. The theory of existence of 
laminar flame lets in turbulent flows has been validated analytically (Peters 1983; 
1984) as well as experimentally (Roberts and Moss, 1981; Drake, 1986). The 
'flamelets' represent thin one dimensionallaminar diffusion flames and a parameter in 
the form of scalar dissipation rate quantifies the extent of stretch experienced by the 
Literature Survey 
flamelets. For a fixed level of stretching, all the thenno-chemical properties of a 
flamelet are expressed as a function of conserved scalar, the mixture fraction which 
quantifies the extent of mixing of the reactants. Hence, according to the flamelet 
model, the thenno-chemical structure of a turbulent non-premixed flame is dependent 
only on mixture fraction and scalar dissipation rate which are statistically distributed 
in a turbulent flow. To predict non-equilibrium effects in turbulent non-premixed 
flames, introduction of these flamelets into turbulent flow is perfonned by considering 
their joint probability density function. The evaluation of joint PDF is simplified by 
assuming statistical independence and presuming the shape of the PDF for mixture 
fraction to follow a ~ function and that of scalar dissipation to follow log-nonnal 
distribution. By numerically separating the turbulent flow calculations from those of 
chemistry, the laminar flamelet model drastically simplifies the effort required in 
turbulent flow calculations and facilitates accounting of detailed chemical kinetics. 
2.1.1 SLFM based modelling in RANS 
Liew et al. (1984) were the first to apply SLFM for modelling turbulent methane-air 
jet diffusion flames. Employing experimentally obtained flamelet profiles, they 
showed that the model is successful in predicting the observed oxygen penetration 
through burning zone due to local quenching. However, both 02 and CO 
concentrations were overpredicted thereby leading to the conclusion that amendments 
are required in the model to account for the post flamelet process where probable 
partial mixing of reactants occurs. Haworth et al. (1988a) and Lentini (1994) applied 
SLFM to CO!H21N2 (Syngas) turbulent jet diffusion flame and found that model's 
prediction capability with respect to super equilibrium concentration of OH radical is 
superior to that of equilibrium model. However, both works showed that SLFM 
predicts an overly rapid approach to chemical equilibrium. Haworth et al. (1988a) 
stated that this could possibly be tackled by considering the time variation of scalar 
dissipation rate. Lentini (1994) also applied SLFM to methane-air jet flame test cases 
previously studied by Liew et al. (1984). His work showed that inclusion of a range of 
flamelets representing burning states (ranging from close to equilibrium to extinction 
condition) plus an additional flamelet representing extinguished state improves the 
accuracy of the reactive scalars particularly CO which was overpredicted by Liew et 
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al. (1984). Lentini and Puri (1995) further corroborated this strategy of flamelet 
library with SLFM by studying a chloromethane-air turbulent jet diffusion flame. 
Application of SLFM to relatively complicated reacting flame structures in the form 
of bluff-body stabilized flames has been carried out by Hossain (1999) who used the 
steady laminar flamelet model with a range of flamelets similar to that advocated by 
Lentini (1994). He studied the model's performance in CO/fhIN2 and CHiH2 bluff-
body stabilized flames of Correa and Gulati (1992), and Dally et al. (1998a) 
respectively. These flames operate at different blow-off limits thereby allowing for an 
investigation into the model's ability to capture extreme finite rate effects. The SLFM 
was found to result in good agreement with data for flames operating far from blow-
off. However, the model failed to predict experimentally observed localized extinction 
in flames which are 70% and 90% close to blow-off. This showed that in SLFM, the 
approach of considering extinction on criterion of mean scalar dissipation rate 
exceeding the quenching limit is not adequate and use of transient flamelets have been 
suggested. The inadequacy of SLFM to predict the experimentally observed local 
extinction and re-ignition has also been reported by Ferreira (1996, 2001) who studied 
methane-air jet diffusion flames of Ma sri et al. (1988). 
Additional insight into the predictive capability of SLFM has been provided through 
works on flamelet based NO modelling. Vranos et al. (1992) were the first to use 
flamelet concept for prediction of NO in turbulent methane-hydrogen jet flame. They 
showed large discrepancies between the flamelet model results and the measured NO 
levels. Overprediction of differential diffusion effects of hydrogen and hydrocarbon 
species, transient effects and flame interactions were speculated as causes for the 
discrepancy. Similar findings were obtained from the works of Sanders et al. (1997) 
and Schlatter et al. (1996). The above speculated causes for NO overprediction and in 
addition the effect of radiative heat loss on NO formation were tested by Chen and 
Chang (1996) using SLFM as well as joint scalar PDF approach. Their study showed 
that radiative heat loss plays an important role in the predicted NO levels especially at 
downstream portion of the jet flame where the residence time of the flamelet is high 
enough for effects of radiation to become significant. Work of Heyl et al. (2001) 
showed that NO mass fraction predictions have strong dependence on the form of the 
PDF for scalar dissipation rate. Hossain and Malalasekera (2003) conducted SLFM 
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based NO modelling of bluff body stabilized CH41lh flame through a mean NO 
transport equation based approach. Contrary to the findings of earlier modelling 
works on NO, their results showed large underprediction. This was attributed to the 
simplified NO chemistry which accounted for only thermal NO and therefore the need 
for accounting for all possible NO production pathways was highlighted. 
With the insight provided by these and several other modelling works with SLFM, 
developments to SLFM have been made to account for transient effects on reactive 
scalar structure including NO, radiation heat loss and partial premixing. 
2.1.2 Transient flame let modelling in RANS 
In SLFM, the flamelets are generated from the steady form of flamelet equations of 
Peters (1984) and the flamelet library is typically parameterized in terms of values of 
the scalar dissipation rate at the stoichiometric mixture fraction. Because of the 
omission of the time dependent term, the underlying assumption is that the imposed 
value of the scalar dissipation rate varies slowly enough. If the scalar dissipation 
varies rapidly, however, the unsteady term in the flamelet equations must be retained 
leading to a slow relaxation of the profiles. The importance of time dependent flame 
structures in laminar flamelet models for turbulent jet diffusion flames was first 
shown by Haworth et al. (1988b). They introduced an ad-hoc modification to the 
laminar flamelet model through an equivalent strain analysis and obtained improved 
agreement with data for COllIzIN2 jet flame. 
Unsteady flamelets were first employed by Mauss et al. (1990) to simulate flame/et 
extinction and re-ignition in a steady turbulent jet diffusion flame. A Lagrangian time 
was introduced to account for history effects in the flamelet structure. Unsteady 
effects caused by localized extinction in steady j et diffusion flames was studied by 
Ferreira (1996, 2001) who developed a transient laminar flamelet model (TLFM) 
which uses a transient flamelet library parameterized by mixture fraction, scalar 
dissipation rate, reaction progress variable and flamelet residence time similar to the 
Lagrangian time. TLFM was shown to reproduce to a reasonable extent the local 
extinction and re-ignition behaviour observed in the jet diffusion flames 
experimentally studied by Masri et al. (1988). 
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The importance of transient effects in modelling steady jet diffusion flames has also 
been discussed by Pitsch et al. (1998) who developed an unsteady model called the 
Lagrangian flamelet model. They observed that the modelling of unsteady and 
radiation effects hardly influenced the temperature and major species distribution in 
the studied nitrogen diluted hydrogen flame. However, significant improvement was 
found for the mean NO distribution in the flame. An important observation from their 
work is that consideration of radiation through a radiation source term in steady 
flamelet equations leads to deterioration in predictions since the omission of time 
dependent term leads to inaccurate capturing of the effect of radiation heat loss which 
is a slow physical phenomenon. However, the same when considered with unsteady 
flamelet equations improves the predictions for NO. Hence, their work suggests that 
transient flamelet modelling is essential both from the perspective of slow chemistry 
of NO as well as consideration of effect of radiation heat loss on NO. Later, Pits ch 
(2000) extended the Lagrangian Flamelet Model to account for differential diffusion 
effects in steady turbulent CH41H2/Nrair diffusion flame of Bergmann et al. (1998) 
and found reasonably good agreement with data. 
Unsteady flamelet models have also been applied to turbulent unsteady flows, like 
those in diesel engines. Pitsch et al. (1996) proposed a new concept called 
"Representative Interactive flamelet" (RIF) where unsteady 1 D flamelet calculations 
are interactively coupled with the CFD code. The flamelet parameters that govern the 
unsteady evolution of the flamelets are extracted from the solution of the CFD code 
by statistically averaging over a representative domain. This model was applied to an 
n-heptane fueled diesel engine and was found to be capable of describing auto-
ignition, the following burnout of the partially premixed phase, and the transition to 
diffusive burning. A very good agreement with data for NO, and slight under-
prediction of soot has been reported. In the RIF model of Pits ch et al. (1996), only one 
interactive flameIet was considered representative of entire domain and the spatial 
variation of scalar dissipation rate was ignored. Barths et al. (1998b) extended the RIF 
model to multiple flamelets which account for the spatial dependence of scalar 
dissipation rate. Numerical tracer particles each representing a flamelet history is 
introduced into the turbulent flow field. An unsteady convection-diffusion equation is 
solved in CFD code for each tracer particle to find the probability of local occurrence 
of flamelet. The current flamelet solution is then weighted with these local 
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probabilities to obtain scalar concentration? This approach has been named as 
Eulerian Particle flamelet model (EPFM). This model was applied to turbulent non-
premixed DI diesel engine combustion by Barths et al. (1998b) and Barths et al. 
(2000). They found a significant improvement in the prediction of partially premixed 
burning phase and subsequent pollutant formation, NOx and Soot. 
The EPFM has also been applied to steady turbulent non-premixed combustion in a 
gas turbine combustor by Barths et al (1998a). One of the main advantages of EPFM 
over Lagrangian model is it's applicability to both parabolic as well as elliptical 
flows. In the Lagrangian flamelet model the flamelet time is computed by integration 
of the inverse of the streamwise velocity at the stoichiometric radial position along the 
stream wise direction which limits its application to strictly parabolic flows. For 
thorough validation of EPFM, Coelho and Peters (200Ia) simulated the piloted 
methane/air jet flame of Barlow and Frank (1998). Unsteady calculations were 
performed in the post processing stage using Eulerian transport equations for passive 
scalars to describe temporal evolution of the scalar dissipation rate. Predictions with 
EPFM were shown to have significantly better agreement for NO compared to those 
with SLFM. Coelho and Peters (200Ib) applied EPFM to a combustor with high air 
preheating and strong internal exhaust gas recirculation. Good agreement to data for 
NO x emissions was achieved. In a recent work of Riesmeier et al. (2004), the EPFM 
was applied to kerosene fueled diffusion flame gas turbine combustor and 
encouraging predictions for exhaust emissions, NOx and soot were achieved. 
This review on works on transient flamelet modelling shows the importance of 
unsteady flamelets for accurate prediction of NO. Unsteady flamelet modelling is also 
. a necessity if the effect of radiation heat loss on NO is to be considered through a 
radiation source term in the flamelet equations. 
2.1.3 Non-adiabatic flamelet modelling in RANS 
While, accounting for the effect of radiation heat loss on the thermo-chemical 
structure of the flame through a radiation source term in the flamelet equations is a 
simple method, Bray and Peters (1994) suggested that it is more appropriate to 
consider the effect of emission and absorption over a wide range of length scales 
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present in a turbulent flame. They introduced a parameter called 'enthalpy defect' 
(difference between the adiabatic and actual enthalpy) to provide the coupling 
between the non-adiabatic turbulent flow and the flamelet structure. The flamelet 
library is then parameterized by mixture fraction, scalar dissipation rate and 
additionally the enthalpy defect. Based on this concept, Marracino and Lentini (1997) 
developed a non-adiabatic flamelet model to study the effects of radiation in turbulent 
methane/air jet flames. Considering an optically thin medium assumption for the gas 
phase radiation, they obtained marked improvement in mean temperature predictions. 
This non-adiabatic flame model was extended by Giordano and Lentini (2001) to 
account for turbulence-radiation interaction. Hossain et al. (2001) extended SLFM to 
a non-adiabatic model using the enthalpy defect concept and the methodology of 
Marracino and Lentini (1997). The Discrete Transfer Method has been used for 
radiation source term calculations. They validated the model for turbulent CH41H2 
bluff-body flames and found marked improvements in OH radical concentrations. 
However, no notable improvement in temperature or major species was reported. 
Enthalpy defect based non-adiabatic flamelet modelling has also been reported by Ma 
et al. (2002) who extended the premixed flamelets based mixedness-reactedness 
flamelet model of Bradley et al. (1990) to account for thermal radiation in laboratory 
scale and large scale natural gas flames. Reasonable improvements in the mean 
temperature have been reported with the non-adiabatic model. 
Use of non-adiabatic flamelet models different to the enthalpy defect concept has also 
been reported. Young and Moss (1995) presented an approach which is rather 
arbitrary. According to their approach, the enthalpy and mixture fraction relationship 
derived from detailed laminar flamelet calculations is first linearly approximated and 
then a series of radiatively perturbed flamelets are generated from this by systematic 
variation of a heat loss parameter which prescribes the fraction of the sensible 
enthalpy, relative to ambient, lost from the adiabatic profile. Solution procedure in 
CFD then involves identifying locally most appropriate "heat loss" flamelet. 
Radiation source term in CFD adopt an optically thin limit approximation. This 
approach was used in modelling sooting turbulent jet flames by Young and Moss 
(1995) while Carpentier et al. (2005) applied the same to model NO in turbulent 
natural gas flames in industrial furnaces. 
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Coelho et al. (2003) developed a non-adiabatic approach based on steady flamelet 
model for studying the spectral radiative effects and turbulence/radiation interaction 
in turbulent jet diffusion flames. This approach employs steady flame let equations and 
ignores the effect of radiative heat transfer on flamelet chemical composition. Effect 
of radiation heat loss on flamelet temperature is however accounted through an 
implicit equation which is a function of temperature, conditional averaged scalar 
dissipation rate and radiation heat loss factor which is obtained from calculations 
based on Discrete Ordinates Method. Later Coelho (2004) employed this approach to 
study the different methods of accounting for turbulence-radiation interaction in 
turbulent jet diffusion flames. This approach however, is not suitable for modelling 
NO. Recently XU et al. (2006) developed a non-adiabatic form of Lagrangian flamelet 
model. In this model, the effects of thermal radiation on thermo-chemical structure of 
the flame are accounted through a radiation source term in unsteady flamelet 
equations which is obtained from CFD using detailed radiation calculations based on 
finite volume correlated k method. They applied this model to methane/air Sandia D 
jet flame and showed promising improvements for temperature, major species as well 
as NO. 
Current Work: The non-adiabatic flamelet modelling carried out in the current 
work, extends the work carried by Hossain et al. (2001). The non-adiabatic flamelet 
model has been integrated with non-adiabatic NO submodels to facilitate NO 
modelling with the consideration of radiation heat loss effects on NO production. 
Both steady and unsteady (EPFM) non-adiabatic flamelets based NO submodels have 
been developed for integration with the non-adiabatic flamelet model. The steady NO 
submodel involves solving a transport equation for the mean NO mass fraction with 
its production term derived from enthalpy defect imposed non-adiabatic flamelets. In 
the unsteady (EPFM) non-adiabatic NO submodel, the mixing field is first obtained 
from the non-adiabatic flamelet model calculations in CFD. Subsequently, time 
history of scalar dissipation rate is extracted from post-processing calculations using 
EPFM. The time history is then used to generate the unsteady NO evolution from 
unsteady flamelet equations with radiation accounted through an optically thin limit 
approximation. Thus, the unsteady non-adiabatic NO submodel takes into account 
both the effects of radiation heat loss and the transient evolution of laminar structure 
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of NO. The non-adiabatic model employs a detailed chemical kinetic mechanism in 
the form of ORI 2.11 thereby accounting for all possible NO formation pathways. 
Development 'has also been made in regard to the computational efficiency of the 
model in that CFD calculations with the non-adiabatic model now run on a look-up-
table strategy. Further details on the non-adiabatic model are given in section 5.3. 
2.1.4 SLFM based modelling in LES 
Flamelet models have been extended to LES as subgrid scale combustion models by 
taking guidance from closure procedures that have been successful on the RANS 
level. Cook and Riley (1997) were the first to extend steady laminar flamelet model to 
LES. They employed a presumed shape beta PDF formulation called the Large Eddy 
Probability Density Function (LEPDF), for the mixture fraction and the flamelet 
profiles were obtained from a single step reaction. The LEPDF was proposed in their 
previous work (Cook and Riley, 1994) by the filtered mixture fraction and its subgrid 
variance which is obtained from an algebraic model equation based on scale similarity 
assumption. This model was found to be reasonably accurate compared to DNS data 
of homogeneous, isotropic decaying turbulence. Cook and Riley (1998) performed 
further a priori testing of this model by varying the activation energy of the one-step 
model and obtained better agreement with DNS data than models using equilibrium 
chemistry. The LEPDF model of Cook and Riley (1994) has been tested by Jimenez et 
al. (1997) together with a lognormal PDF for scalar dissipation rate and the scale 
similarity assumption. De Bryun kops et al. (1998) performed a full LES calculation 
with steady flamelet model by solving the balance equations for filtered mixture 
fraction and its variance. The model was found to accurately reproduce the spatial 
average of the filtered species obtained from DNS data. 
While the above works were restricted to a priori studies, LES of large scale turbulent 
non-premixed flames with steady flamelet model was first conducted by Pierce and 
Moin (1998). They proposed a dynamic model for the calculation of subgrid scale 
variance of mixture fraction and scalar dissipation rate. Using the dynamic model, 
they conducted LES of a swirling, confined, coaxial jet flame and obtained 
convincing comparisons with experimental data. Branley and Jones (1999) employed 
the dynamic model of Pierce and Moin (1998) and conducted LES of swirling 
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methane flame with a single flamelet profile. The results showed good qualitative 
agreement with the measurements. 
Raman and Pitsch (2005) developed a new strategy for LES grid generation, namely 
the Recursive filter refinement procedure which generates optimized clustering of grid 
for variable density simulations. This procedure was used along with the steady 
flamelet model for subgrid scale combustion and the dynamic model of Pierce and 
Moin (1998) in the simulation of turbulent CH41H2 bluff-body stabilized flames and 
excellent match with experimental data was obtained. Kempf (2005) conducted LES 
of piloted methane/air jet flame using a steady flamelet model with a library of 
multiple flamelets obtained from detailed chemistry. The subgrid mixture fraction 
variance was modelled using the approach of Forkel (1999) while the filtered scalar 
dissipation rate was obtained from the model suggested by Girimaji and Zhou (1996) 
and De Bruyn Kops et al. (1998). Their calculations showed that for the selected 
partially premixed fuel, steady flamelet approach sufficiently describes the major 
species except for CO which is overpredicted in the fuel rich region. Using the same 
LES strategy, Kempf (2006) conducted LES of CH41H2 bluff-body stabilized flames 
of Dally et al.(1998a) and obtained encouraging results for temperature and major 
species but they reported significant errors in the computed NO concentration. 
Recently, Ranga-Dinesh et al. (2006) employed a single flamelet based steady 
flame let model to study LES of turbulent CH41H2 unconfined swirling flames. They 
adopted the scale similarity model of Cook and RiIey (1994) to model the subgrid 
variance of mixture fraction and employed the localized dynamic procedure of 
PiomeIIi and Liu (1995) to calculate the turbulent eddy viscosity. Their results showed 
reasonably good results for temperature and major species. However, the predictions 
failed to capture the downstream vortex breakdown in the flame. 
Application of unsteady flamelet models to LES was first taken up by Pitsch and 
Steiner (2000). They employed the Lagrangian flamelet model (Pitsch et al., 1998) 
along with the dynamic model of Pierce and Moin (1998) for the subgrid variance of 
mixture fraction. The unsteady flamelet equations were coupled with the LES solution 
to provide the filtered density and other filtered reactive scalar quantities. The scalar 
dissipation rate required to solve flamelet equations was determined from a method 
proposed by Bushe and Steiner (1999). They employed the model to a piloted 
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methane/air diffusion flame and found promising results especially for NO. This study 
was also the first demonstration of combustion LES of a realistic configuration using 
a detailed description of chemistry. A more advanced subgrid scale flame let 
combustion model has been developed by Pitsch (2002) wherein flamelet equations 
are rewritten in Eulerian form which leads to a full coupling with the LES solver and 
thereby enables the consideration of the resolved fluctuations of the scalar dissipation 
rate. This model was used in LES of piloted methane/air jet diffusion flames and 
significant improvements in the CO formation have been achieved in comparison to 
the Lagrangian flamelet model based calculations of Pitsch and Steiner (2000) and 
steady flamelet model calculations of Kempf (2005). 
Current Work: In the current work, LES with steady flamelet model has been 
conducted on a turbulent lifted methane-air jet flame using a look-up-table strategy 
which allows for consideration of variation in thermo-chemical structure of the flame 
with respect to the filtered scalar dissipation rate. The presumed filtered PDF for 
filtered mixture fraction assumes a P function while that for filtered scalar dissipation 
rate assumes a log-normal distribution. The subgrid scale variance of mixture fraction 
and the filtered scalar dissipation rate have been modelled based on the suggestions of 
Cook and Riley (1994) and Cook and Riley (1998), respectively. The turbulent eddy 
viscosity has been evaluated using the local dynamic procedure of Piomelli and Liu 
(1995). Current work on LES, extends the work carried by Ranga-Dinesh et al. (2006) 
in that the sophistication of the steady flamelet model in the in"house LES code has 
been enhanced by relaxing the assumption of a single representative filtered scalar 
dissipation rate. Further details are presented in section 5.2.4. 
2.2 Flamelet models for turbulent partially -
premixed combustion 
If fuel and oxidizer enter separately, but partially mix by turbulence, combustion 
occurs in a stratified medium upon ignition. Such a mode of combustion has been 
traditionally referred to as partially premixed combustion. However, such a situation 
can be created as well when a premixed fuel and an oxidizer enter in separate streams. 
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Partially premixed combustion profits from the advantageous· features of both the 
extreme modes of combustion, the non-premixed and premixed, while avoiding their 
adverse effects. Non-premixed combustion is faced with the concerns of excessive 
NO. formation at the stoichiometric mixture fraction where temperatures are 
conducive for thermal NO. While lean premixed combustion which is adopted in low 
NO. lean-bum gas turbine engines is a solution to this problem, it poses the challenge 
of handling combustion generated instabilities. 
Examples of partially premixed combustion range from aircraft gas turbine engines to 
large scalar industrial boilers. In aircraft engine combustors, flame propagation 
through a stratified mixture occurs when the hot gases from pilot burner come into 
contact with the inhomogeneous mixture formed at the main injector inlet. Another 
practical example results from the molecular mixing of species after local flamelet 
extinction in a turbulent flame. If conditions in the turbulent flame are favorable after 
molecular mixing, then the mixed reactants can ignite and bum in a premixed fashion. 
Direct injection gasoline engines are another example where partially premixed 
combustion can be observed. 
Another important manifestation of partially premixed combustion is the lift-off and 
the stabilization at the lift-off height in turbulent jet diffusion flames. Lift-off occurs 
commonly in large industrial boilers where lifting the flame base off the burner 
prevents erosion of the burner rim although at the risk of increasing the susceptibility 
of the flame to blowoff. Explanations of the stabilization mechanism for lifted jet 
diffusion flames have however been quite controversial. Vanquickenborne and Van 
Tigglen (1966), Eickhoff et al. (1984) and Kalghatgi (1984) have shown from 
measurements that the stabilization of a lifted diffusion flame is governed by 
premixed turbulent flame propagation. On the other hand, Janicka and Peters (1982) 
and Peters and Williams (1983) proposed diffusion flamelet extinction as the 
responsible mechanism for flame stabilization. The idea that large scale turbulent 
structures control flame stabilization has also been discussed by Broadwell et al. 
(1984). In the recent years, triple flames have attracted much interest, because it is 
believed that they may play a significant role in many partially premixed combustion 
situations including the stabilization ofliftedjet flames. Linan (1994) and Veynante et 
al. (1994) have shown theoretically that in a laminar flow lifted flames are stabilized 
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by a triple flame configuration. The leading edge of a triple flame, called the triple 
point, propagates along a surface that is in the vicinity of stoichiometric mixture 
fraction. On the lean side of that surface there is a lean premixed flame branch while 
on the rich side there is a rich premixed flame branch, both propagating with a lower 
burning velocity. Domingo and Vervisch (1996) showed that the triple flame, also 
called as tribrachial flame or edge flame is more robust than a diffusion flame. In 
view of the many different aspects that are potentially important for a physically 
correct description of flame stabilization at the lift-off height, formulation of a 
turbulent combustion model is rather difficult. 
Bradley et al. (1990) proposed a flamelet model called the mixedness-reactedness 
model in which combustion proceeds essentially as premixed turbulent flame 
propagation. This model employs premixed laminar flamelets rather than the 
conventional diffusion flamelets in the flamelet model for nonpremixed combustion, 
and allows for a degree of premixing before combustion occurs. The volumetric heat 
release rates are computed for a range of equivalence ratios or mixture fraction or the 
mixedness parameter from premixed laminar flamelet structure which is provided as a 
function of reaction progress variable or the reactedness parameter. It is assumed that 
the premixed flamelet structure remains unaltered as long as the instantaneous strain 
rate is less than a critical quenching value beyond which flamelet extinguishes. The 
mean heat release rates are then calculated from the marginal PDFs of mixture 
fraction, reaction progress variable defined on the basis of dimensionless increase in 
temperature due to reaction and strain rate. The marginal PDF for flame straining is 
assumed to follow a quasi-Gaussian shape and both the PDF for mixture fraction and 
that of reaction progress variable is assumed to follow beta function distribution. The 
lift-off height is determined as the location of onset of heat release rate. The predicted 
lift-off heights compared favorably with the experimental data of Kalghatgi (1984). 
This model was later improved by Bradley et al. (1998a, 1998b) by allowing for 
flame extinction at both positive and negative strain rate. The model was found to not 
only predict the lift-offheights ofDonnerhack and Peters (1984) but also the blow-off 
velocity as a function of nozzle diameter as reported by Kalghatgi (1981). 
Sanders and Lamers (1994) formulated a model based on diffusion flamelet 
extinction. The stretch on the flame was accounted by a strain rate rather than scalar 
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dissipation rate. In addition, to model the influence of large scale structures, they used 
a PDF of spatial fluctuations to determine the mean reactive scalars. This model 
reproduced approximately the correct slope of linear dependence of lift-off heights on 
exit velocities in turbulent natural gas lifted diffusion flames. 
MUller et al. (1994) developed a model for partial premixed turbulent combustion 
using the G-equation approach similar to that adopted by the premixed laminar 
flame1et model of Peters (1986). Their model is based on two scalar fields, the 
mixture fraction and the scalar G which determines the location of the flame front. 
The mixture fraction determines the local equivalence ratio and thereby the value of 
the laminar burning velocity as a function of mixture fraction. Both the scalars are 
then subjected to turbulent modelling. The G-equation formulation used for flame 
propagation differs from the level-set approach of Peters (1986) in that the laminar 
burning velocity is now a function of scalar dissipation rate as well as mixture 
fraction. For the turbulent burning velocity, MUller et al. (1994) proposed a model 
containing three terms: a: term for premixed flame propagation, a term accounting for 
partial premixing, and a flamelet quenching term. By including the three terms, they 
claimed to have accounted for both the premixed flame propagation and diffusion 
flamelet extinction theories. This model was applied to turbulent methane diffusion 
flames and was shown to be successful in predicting the upstream propagation within 
a partially premixed jet and the stabilization of the tUrbulent flame at the lift-off 
height. MUller et al. (1994) claimed that the premixed flame propagation term 
controls the upstream flamelet propagation while the modelling of the flamelet 
quenching term controls the lift-off height. However, it was later concluded that the 
diffusion flamelet extinction was not the mechanism that has been modelled. 
Henceforth, Peters (1999) modified the formulation and based it entirely on the 
premixed flame propagation mechanism. 
The partially premixed flamelet model of Peters (1999) combines the flamelet models 
for non-premixed and premixed combustion. The level-set, G equation, approach is 
used to calculate the location and geometry of the premixed flame front while mixing 
is accounted by mixture fraction. The dependence of scalar field on mixture fraction is 
accounted by a diffusion flamelet structure. The turbulent partially premixed burning 
velocity is based on the premixed flame propagation but takes into account the partial 
premixing via a conditional turbulent burning velocity based on mixture fraction. This 
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model has been successfully applied to turbulent methane and propane jet flames by 
Chen et al. (2000) and it was shown that the mean structure of the lifted flame is 
similar to that of a laminar triple flame and the lift-off heights were found to be in 
good agreement with measurements. 
Extension of the partially premixed flamelet model of Peters (1999) to LES has been 
carried out by Duchamp de Lageneste and Pitsch (2001). Validations have been 
carried through LES of turbulent bunsen burner flames as well as turbulent partially 
premixed combustion in a dump combustor. The predictions have been shown to be 
good agreement with experimental measurements thereby showing the ability of the 
approach to handle both premixed as well as partially premixed combustion. Pitsch 
and Duchamp de Lageneste (200 I) also reported the successful application of this 
model in LES of turbulent lifted methane/air flames. 
Current Work: Current work differs from the reviewed works in that the partially 
premixed combustion has been modelled using a turbulent combustion model, namely 
the Flameletlprogress variable (FPV) approach, which was primarily developed 
(pierce and Moin, 2004) for turbulent non-premixed combustion but uses a two scalar, 
mixture fraction and reaction progress variable, formulation. Also, the test case 
chosen for the simulation of partially premixed combustion is that of a turbulent lifted 
methane-air jet flame where the fuel is premixed (Cabra et al., 2005). Hence, the 
numerical simulations employ partially premixed flamelets. These flames have an 
additional feature of interest in that the fuel jet is surrounded by high temperature 
vitiated co flow and this introduces a new flame stabilization mechanism in the form 
of auto-ignition in addition to the premixed flame front propagation. However, the 
extent of numerical investigation undertaken in the present work does not attempt to 
draw definitive conclusions about the exact mechanism responsible for the model's 
ability to capture the flame lift-off. Instead, the investigations are limited to the extent 
of studying the ability of the models based on the FPV approach to capture the gross 
characteristics of the lifted flame when employed in LES as well as RANS. 
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2.3 Flamelet/Progress Variable (FPV) approach 
A model that was developed specifically for LES is the flameletlprogress variable 
(FPV) model of Pierce (2001) and Pierce and Moin (2004). This model uses steady 
state flame lets but is substantially different from the typical SLFM used by the 
aforementioned works. The FPV approach uses a reaction progress variable instead of 
a scalar dissipation rate to parameterize the flamelet library. The advantage of this 
different way of parameterizing is that it potentially gives a better description of local 
extinction and re-ignition phenomena and flame lift-off. With scalar dissipation rate 
as a parameter, typically only the steady state solutions lying below the extinction 
limit and those on fully extinguished state are considered in the flamelet library. 
Consideration of partially extinguished states is not possible since they result in a non-
unique parameterization of the flamelets. Adopting reaction progress variable 
addresses this problem and the full range of steady state solutions can be considered 
in the library. In LES, the model requires solving a transport equation for the filtered 
reaction progress variable which can be defined as the sum of product mass fractions. 
The challenge in using the reaction progress variable is that, in order to close the 
model, the joint PDF of mixture fraction and reaction progress variable needs to be 
provided. Pierce and Moin (2004) in their study on confined coaxial jet swirling non-
premixed flame, employed a delta (0) function for the filtered PDF of reaction 
progress variable. They showed significant improvement with the FPV approach in 
comparison to SLFM especially in the accuracy with which the flame stabilization 
region was captured. The FPV model can be interpreted as a two variable intrinsically 
low dimensional manifold (ILDM) model (Maas and Pope, 1992), where the ILDM 
library tabulation is generated with a flamelet model. 
Potential areas for the improvement of this approach have been identified by Ihme et 
al. (2005) in a priori tests using DNS data of turbulent non-premixed combustion in 
isotropic turbulence. The model for the presumed filtered PDF for reaction progress 
variable was considered important. The beta (P) function was proposed as a possible 
improvement for the FPDF of reaction progress variable and a closure model for the 
reactive scalar variance has been provided. They also showed that the steady state 
assumption of the flamelet solutions especially during re-ignition at low scalar 
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dissipation rates is inaccurate. Extension of the FPV model to an unsteady flamelet 
formulation has been carried out by Pitsch and Ihme (2005). They employed the 
unsteady FPV model in LES of turbulent confined swirling flames previously studied 
by Pierce (2001) and obtained notable improvement in the distribution of CO mass 
fraction. Recent developments to the FPV model include the evaluation and 
application ofthe statistically most like distribution as a new model for reactive scalar 
FPDF (Ihme and Pitsch, 2005). 
Current Work: It is one of the goals of the present research to contribute to the 
know-how in the predictive capability of FPV approach based combustion models 
when employed in LES as well as RANS. Although, the beta function based FPDF for 
reaction progress variable has been shown as a possible advancement to the FPV 0 
function model of Pierce and Moin (2004), no simulations of have been conducted on 
experimental configurations to further validate the findings. Also, since, the model's 
potential to predict local extinction and re-ignition phenomena and especially the 
flame lift-off have been identified, it is of dual interest to investigate the predictive 
capability of FPV models (based on 0 and P function based FPDF for reaction 
progress variable) in partially premixed combustion typically observed in lifted 
flames. In the current work, FPV models have also been employed in RANS 
framework to study the accuracy with which they can describe partially premixed 
combustion without the benefits of resolution of large scale motion, provided by LES. 
The FPV approach and its different formulations used in the present study are 
presented in section 5.5. 
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Governing Equations for Turbulent 
Combusting Flows 
The starting point for numerical modelling of turbulent reacting flows resides in the 
mathematical description through a set of governing equations. For turbulent reacting 
flows, the conservation equations of fluid mechanics are supplemented by those for 
conservation of chemical species to form the governing equations. In addition, 
variation in density with respect to pressure, temperature and composition of chemical 
species needs to be accounted and the relationship is established through an equation-
of-state. These equations along with the enforced assumptions relevant to the flows of 
current interest are presented in section 3.1 of the present chapter. A brief overview of 
the turbulence simulation methods is then presented in section 3.2. 
3.1 Instantaneous governing equations 
The governing equations can be derived by applying conservation laws of physics viz. 
for mass, momentum and energy, to a situation of fluid flow through an infinitesimal 
control volume fixed in space. The equations are presented here in a Cartesian tensor 
notation with summation implied through indices k and t. 
3.1.1 Conservation of mass 
Though chemical reaction may result in production and destruction of individual 
species, overall, mass is neither created nor destroyed. Application of this physical 
law and furthermore that the net mass across a control surface can be transported only 
through convection, results in the so called continuity equation: 
ap +~(pUk)=O 
at aXk 
(3.1) 
Governing Equations for Turbulent Combusting Flows 
Where p denotes the mixture density, t the time and Uk is the velocity in the direction 
3.1.2 Conservation of momentum 
The conservation of momentum is based on the Newton' second law of motion and is 
expressed by the Navier-Stokes equations: 
a (P) a (p ) ap a't'k 
- u, +- UkU, =--+--+F, 
at aXk ax, ax, (3.2) 
Where, tij is the shear stress in the ith coordinate direction on a surface whose outward 
normal is in the l direction, P is the static pressure and F, is the body force in the ith 
coordinate direction. Fluid in turbulent reacting flows is often considered as 
Newtonian and hence the shear stress can be related to velocity gradient. 
't .. = (au J + aU j _3. 8 aUk) 
y Jl",. a 3 Y a U-'k X k X k 
(3.3) 
where, J.I is the dynamic viscosity and 0 ij is the kronecker delta. 
3.1.3 Conservation of species 
Similar to overall mass conservation, mass continuity for individual species (Y, ) can 
be derived and is given by: 
(3.4) 
where Jij is the mass molecular flux of the ith specie in thej th coordinate direction and 
dJ, is the rate of formation of specie i per unit volume. In combusting flows involving 
multiple species with varied molecular weights, complete treatment of molecular 
fluxes requires full array of diffusion coefficients characterizing diffusion of species i 
in a mixture involving speciesj,j=I,2,3, ... N. However, in turbulent flows of practical 
interest, turbulence Reynolds number is sufficiently high so that molecular transport is 
of secondary importance and Fick's law of diffusion can be employed (Libby and 
Williams, 1994). 
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Hence, 
ay 
Jij =-pD, fu' 
} 
Introducing Eq.3.5 in Eq.3.4 leads to: 
a (P) a (p ) a ( ar; ) . 
- r; +- ukr; =- pD,- +(J), 
at fuk fuk fuk 
(3.5) 
(3.6) 
The above equation applies to each species and thus, in the presence ofN species, N-l 
equations are to be solved considering the factthat 
N Lr; =1 
;=1 
However, it is highly desirable as is shown in steps to follow, to utilize element mass 
fractions denoted by Ze for an element e and defined by 
N 
Z,= Lm"Y, (3.7) 
;=1 
where rn" is the number of kilograms of element e in a kilogram of species i. This 
implies that for M number of elements, 
M LZ, =1 (3.8) 
e=l 
Since in chemical reactions elements are conserved unlike the species, we have for 
each element, 
M 
Lm;ecOj = 0 (3.9) 
e=1 
Conducting operations on Eq. 3.6, conservation equation for element mass fraction 
can be written as 
(3.10) 
Complexity in the right hand term of the above equation is often dealt by assuming a 
single diffusion coefficient, Dj = D, leading to 
-(Pz')+-(pukZ,)=- pD-' a a a( az) 
at fuk fuk fuk 
(3.11) 
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Equations 3.10 and 3.11 are quite useful in turbulent reacting flows as they eliminate 
the need to evaluate the chemical source term which introduces great complexity. 
Furthermore, by introducing a conserved scalar mixture fraction Z which is based on 
linear combination of elemental mass fractions, the computational effort is brought 
down to solving for just one equation. 
- Z)+-(pukZ)=- pD-a (p a a ( az) 
at 8xk 8xk 8xk 
(3.12) 
3.1.4 Conservation of energy 
Conservation of energy can be derived from first law of thermodynamics and it is 
customary with low-mach number flows to adopt enthalpy as the energy variable. 
a a ap a [/.I ah N (1 1) ay, ] 
-(ph)+-(pukh)=-+- --+/.IL --- h,- +V·Q,ad 
at 8xk at 8xk Pr aXk ,:1 Se, Pr 8xk 
(3.13) 
Where h is the specific enthalpy of mixture, hi is that of species i, SCi=P/pDi is the 
Schmidt number pertaining to species i, and Pr is the mixture Prandtl number. The 
final term represents radiative heat loss which requires calculation through a separate 
radiative heat transfer equation in a radiation submodel such as the Discrete Transfer 
Method discussed in section 5.3. Assuming the characteristic Mach number of the 
turbulent flow to be smaller than unity, kinetic energy of mixture and viscous 
dissipation rate are neglected. Additionally considering, 
1. Equal diffusivities for all the species, same as needed for Eq. (3.11), Di =D, 
and, Sei=Se. 
2. Lewis number (Se/Pr) = 1, and 
3. ap negligible in case oflow Mach number flows, Eq. (3.13) is simplified to 
at 
(3.14) 
In case of adiabatic flows, Eq. (3.14) is further simplified to: 
~(ph) +~(pukh) = ~[J:l:.-~] 
at aXk aXk Pr aXk 
(3.15) 
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From observation of Equation 3.12 and Equation 3.15 it is clear that they are identical. 
Hence under the above considered assumptions, complexity of the problem in 
turbulent reacting flows is further reduced as solving only for the mixture fraction and 
introducing an appropriate functional relationship between enthalpy and mixture 
fraction would suffice. 
In reacting flows, combustion influences fluid dynamics through density (assuming 
low Mach number flows where pressure fluctuations are negligible). The equation of 
state is used to calculate density. For ideal gases, 
(3.16) 
where Ro is the universal gas constant and W; is the molecular weight of species i. 
3.2 Overview of turbulence simulation methods 
3.2.1 Direct Numerical Simulation 
The above set of instantaneous governing equations with appropriate initial and 
boundary conditions could be solved numerically without further approximation other 
than numerical discretisation resulting in a direct numerical simulation (DNS). Thus, 
in DNS, all the motions in the flow are resolved. This approach is the simplest from a 
conceptual point of view and results in the most accurate predictions. For Reynolds 
numbers which are sufficiently low such that the flow can be considered to be laminar 
and if the geometry is simple, then flows with complex transport and chemical kinetic 
characteristics could be solved with DNS to a high degree of accuracy (Smooke et al., 
1990). 
However, at high Reynolds numbers the flow is fully turbulent and is characterized by 
a wide range of length scales and time scales. Resolution of all these scales is 
prohibitively expensive. For DNS of turbulent flows, inorder to ensure that all the 
significant structures of turbulence are captured, each linear dimension of the 
computational domain must be at least a few times the size of the largest turbulent 
eddy or the integral length scale (L). At the same time, it is equally important to 
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capture all of the dissipation of kinetic energy which occurs on the smallest scales or 
the Kolmogorov length scale, 1/. Thus the size of the grid should be a small multiple 
of 1/. Considering the simplest case of homogeneous isotropic turbulence, the number 
of grid points in each direction must be atleast Lf 'I. It turns out that this ratio is 
proportional to R/14 (Tennekes and Lurnley, 1972). Where the turbulent Reynolds 
number R, is based on the integral length scale. Since turbulence is a three 
dimensional phenomenon, the computations are necessarily 3D and hence the number 
of grid points is proportional to (L/ 'I) 3 In effect, the number of grid points and 
subsequently the cost of a simulation scale as R,9/4 Thus, limiting the application of 
DNS to flows with turbulence Reynolds numbers considerably smaller than those of 
practical interest. Application of DNS to turbulent flows of practical interest is 
presently beyond the capability of the available computational power and is expected 
to remain so for the indefinite future. 
However, DNS can be of valuable use as a research tool for understanding the 
mechanisms of turbulence production, dissipation, energy transfer, interaction 
between combustion and turbulence. Two alternative techniques which facilitate 
applicability to turbulent flows of practical interest are the large eddy simulation 
(LES) and Reynolds averaged Navier Stokes (RANS). 
3.2.2 Large Eddy Simulation 
A significant portion of the computational effort in DNS is expended in resolving the 
small scales while it is the large scales which are more energetic and effective 
transporters of conserved properties. The large scales are dependent on the particular 
flow geometry and Reynolds number, while the small scales tend to be universal. 
Large eddy simulation is built around the idea of exploiting this relative difference in 
the roles played by the large and small scales. In LES, the scales of turbulence are 
conveniently separated into large scales and small scales or sub-grid scales (SGS). 
The large scales are completely resolved and hence directly computed while the 
influence of small scales on the large scales is modelled with appropriate SGS 
mathematical models. Thus, LES employs 'filtering' of the instantaneous governing 
equations such that they provide description of the space and time dependence of the 
resolved large scales. Since chemical reactions occur at the smallest scales, there is no 
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resolved portion of chemical source term in LES and the entire combustion needs to 
be modelled just as in RANS. Thus, combustion models are introduced into LES as 
SOS models. However, since LES can predict the turbulent mixing which is key to 
chemical conversion, more accurately than RANS, it is capable of bringing 
improvements to predictions of turbulent reacting flows. 
Resolving only the large scales allows for the use of much coarser mesh and larger 
time step sizes in LES as compared to DNS. Thus, the computational times for 
turbulent reacting flow of practical interest are made tractable. However, LES still 
requires substantially finer meshes than in RANS to resolve a majority of the 
turbulent kinetic energy and has to be run for a sufficiently long flow-time to facilitate 
stable statistics of the flow being modelled. As a result, the computational cost 
involved with LES is orders of magnitude higher than those associated with RANS 
calculations thereby necessitating high performance computing for engineering 
applications. 
3.2.3 Reynolds Averaged Navier Stokes (RANS) 
modelling 
For complex practical flow configurations currently the most feasible numerical 
simulation technique is the Reynolds Averaged Navier Stokes (RANS). The RANS 
approach is based on 'averaging' of the governing equations over time (if the flow is 
statistically steady) or over an ensemble of realizations (for a statistically unsteady 
flow). Hence, the numerical effort is reduced to the description of only mean flow 
field while all the scales of turbulence are modelled. If the mean flow is steady, the 
governing equations will be devoid of time derivative and hence a steady state 
solution can be obtained quite economically. Even if the mean flow is unsteady, 
RANS provides computational advantage since the size of time step is dictated by 
global unsteadiness rather than turbulence time scales. Commonly two types of 
averaging procedures are in use: 
(1) Conventional time averaging (Reynolds averaging) and 
(2) Density weighted averaging (Favre averaging) 
Favre averaging procedures are highly recommended Bilger (1976; 1980) for all 
turbulent flows with significant density variations. In combusting flows with large 
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density variations, Reynolds averaging leads to additional terms with density 
fluctuations. Modelling these terms involves considerable complexity. Favre 
averaging, being a mass weighted average approach avoids terms involving density 
fluctuations leading to simpler forms of the governing equations. However, the Favre 
averaged equations still contain unclosed terms which necessitate the introduction of 
approximations in the form of turbulence and combustion models. 
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Chapter 4 
Turbulence Modelling 
In the previous chapter, it has been pointed out that large eddy simulation (LES) and 
RANS, which are currently the feasible numerical simulation techniques for flows of 
practical interest, require models to approximate the unclosed terms in the set of 
governing equations. In this chapter, the governing equations in RANS form and the 
RANS turbulence models adopted in the current work are presented in section 4.1. In 
section 4.2, the details of the filtered governing equations in LES and the models 
employed for closure of sub grid scale stresses and scalar fluxes are presented. 
4.1 Reynolds-averaged Navier-Stokes formulation 
4.1.1 Reynolds and Favre averaging 
In the Reynolds decomposition, any flow variable rp can be written as the sum of a 
mean r/J and a rp' fluctuation about the mean: 
r/J(x"t)=1(x,)+tjJ'(x"t) with rp'(x"t)=O (4.1) 
The mean can be obtained from time averaging (in case of statistically steady flows) 
_ . 1 T 
r/J (x,)= Um- fr/J(x"t)dt 
T-+oo T 
o 
(4.2) 
or by a more general ensemble averaging 
_ 1 N 
r/J (x,,t) = Um -Ir/J(x"t)dt 
N-+<X! N n=l 
(4.3) 
In the above equations, t denotes time, T the time interval and N represents the 
number of samples of the ensemble. Substitution of the above decomposition into the 
continuous form of the governing equations with subsequent ensemble averaging 
results in the governing equations for mean flow variable. While averaging of any 
linear term simply gives the identical term for the averaged quantity, a quadratic 
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nonlinear term results in the product of the average and an additional covariance term 
which needs to be mode led. 
(4.4) 
In turbulent reacting flows, density is subjected to fluctuation due to thermal heat 
release and Reynolds averaging induces additional difficulties. For example, Reynolds 
averaging the mass conservation equation yields: 
ap a (-- -'-') 0 
-+- pUk +puk = at axk 
(4.5) 
The velocity-density correlation is an additional complexity involving significant 
uncertainty in its explicit modelling. Hence, it is more desirable to avoid its 
introduction by adopting mass weighted or Favre averaging. In Favre averaging, all 
the instantaneous values of velocity and scalars (1/1) except for pressure and density 
are decomposed into a steady and fluctuating part as: 
PUj "....... " A. J: ";''' u,=-:=-+u,=u,+u, , '1',='1',+'1', (4.6) 
p 
Favre mean is denoted by a tilde while the fluctuation about the Favre mean is given 
- - -
by double prime. Additionally,pu; = 0, and .£XI>' = 0 while ~';t 0 and u;;t O. 
Insertion of this decomposition into the continuous form of the governing equations 
with subsequent ensemble averaging results in Favre averaged equations for the mean 
flow quantities. 
4.1.2 Favre averaged governing equations 
• Conservation of Mass: 
815 +~(j5U ) = 0 
8t axk k 
(4.7) 
This equation is devoid of terms involving density fluctuations and hence is 
formally identical to the Reynolds averaged continuity equation for constant 
density flows and the results holds good for other conservation equations as well. 
• Conservation of Momentum: 
a ( __ ) a ( ___ ) ap· a (_"') ;;. a (-, ') 
- pu, +- puku, =--+- "k +r,-- PU,Uk at aXk ax, aXk aXk 
(4.8) 
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Where the viscous stress tensor 't'" for a Newtonian fluid and incompressible 
flow is given by 
(4.9) 
where f.l is the laminar dynamic viscosity, and Sij is the strain rate tensor 
• Conservation of Species 
I (ou, OUi ] S.=- -+-
"2OxOx J , 
O(-v) 0 (--y-) 0 (D-')""" 0 (--.v'~ 
-. P', +- pUk ,=- k +0),-- pUk'IJ ot Oxk Oxk . Oxk 
where j = 1, 2, .. N species. 
• Conservation of Energy 
• Any Conserved scalar ( example: mixture fraction) 
o (-Z-) 0 (-- Z-) 0 (D-z) a (-'-Z") 
- P +- PUk =- -- pUk at Oxk Oxk Oxk 
(4.10) 
(4.11) 
(4.12) 
(4.13) 
In the above Favre averaged equations the following unknown quantities need to be 
closed: 
• Reynolds Stresses: pu;u; 
These terms represent turbulent transport and their closure is approximated 
through a turbulence model. Common approaches of modelling the Reynolds 
stresses range from simple linear eddy viscosity based k-s model to complex 
second moment closures where transport equations are solved for individual 
components of the Reynolds stresses and the modelling is shifted to higher order 
terms. The k-e model is quite popular for practical application owing to its quick 
turn around times and reasonably good accuracy. However, it is incapable of 
accurately reproducing the augmentation or suppression of individual components 
of the turbulent stresses occurring due to a range of phenomena in turbulent 
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combustion. Currently, second moment closures represent about the simplest level 
at which a more detailed and accurate description of turbulent transport can be 
achieved in RANS. 
One of the tasks undertaken in the current research work was to enhance the 
turbulence modelling capability of the in-house RANS code which is equipped 
with a standard k-e model. To this end, a Reynolds stress transport model has been 
implemented in the in-house RANS code and it has been employed for turbulence 
closure in all the RANS based calculations in the current work. The relative 
performances of the Reynolds stress transport model and k-e model have been 
studied in turbulent bluff-body stabilized flames and the results are presented in 
section 8.2.3. 
• Turbulent scalar fluxes: PU;-Y;" , pu;h" and pu;Z" 
These terms represent turbulent transport of a scalar and are usually modelled 
based on the gradient diffusion and turbulent viscosity hypothesis and are 
'expressed as: 
--.v" Pr aY, ---;;-h" Pr ah -----'-Z" Pr at PUk', =---; PUk =---; PUk =-----
Pr, 8xk Prh 8xk Scz 8xk 
(4.14) 
Where Pr is the turbulent eddy viscosity and is estimated from the turbulence 
model, Prl is the turbulent Prandtl number corresponding for the species i, Prh is 
the turbulent Prandtl number corresponding to enthalpy and Sez is the turbulent 
Schmidt number corresponding to mixture fraction. This approach is 
computationally effective and hence was adopted in the current work. An 
alternative but computational expensive approach of handling the turbulent fluxes 
is by employing a second moment closure wherein transport equation for 
individual components of turbulent fluxes for each scalar are solved and the 
higher order moments are modelled. 
In high Reynol?s number flows, the Reynolds stresses are considerably larger than the 
mean viscous stress t;~' and hence can be neglected. Analogous to Reynolds stresses, 
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the turbulent scalar fluxes represent the dominant mode of transport in high Reynolds 
nUl~bers and hence the laminar diffusive fluxes b;, b; and b z can be neglected. 
• Chemical source term, (1, 
The determination of mean chemical source term is one of the central problems of 
turbulent combustion modelling and is the main motivation behind the development 
of turbulent combustion models. The turbulent combustion models adopted in the 
present study are discussed in detail in Chapter 5. 
4.1.3 Standard k-c model 
The two equation k-s model has been originally developed by Jones and Launder 
(1972) for constant density recirculating flows. However, its use can be made in 
reacting flows with variable density by simply recasting the model in terms of Favre . 
averaged quantities with the inherent presumption that density fluctuations are 
accounted for by the averaging. This approach has been discussed in detail by Jones 
and Whitelaw (1982), Jones (1994) and Kuo (1986). In this model, the Reynolds 
stresses are assumed to be linearly related to rate of strain, hence 
---.--;, [Oii' oii j J 2 --pU,u j =-Pr -+- +-8ijpk oXj ox, 3 
Where 0 ij = I , for i=j and 0 ij = 0 for i * j and k is the turbulent kinetic energy: 
(4.15) 
(4.16) 
Dimensional analysis considerations dictate that the eddy viscosity Pr be given by the 
product of a turbulent velocity scale given by Jk and a turbulent length scale given 
by f:312 le : 
(4.17) 
Where Cp is the turbulence constant and '8 is the rate at which the turbulent kinetic 
energy is dissipated. Both k and 'i! are computed from their respective transport 
equations. 
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o (-k-) 0 (--k-) 0 (PT Ok) G· --
- P +- pU; =- -- + -pc 
ot Ox, Ox, Pr, ox, ( 4.1S) 
0( __ ) 0 (-__ ) 0 (PT oe) C eG C _e' - pc +- PUl' =- -- + <\-,. - ,2P-=-
ot Ox, ox} Pr, oXk k k (4.19) 
In the above equations, Pr, and Pr, are the turbulent Prandtl numbers for turbulent 
kinetic energy and dissipation rate respectively. The term G represents the rate of 
production ofturbulent kinetic energy and is expressed as: 
G _ (8UJ 8U;) 8u; 
-/IT -+--
Ox; OxJ Ox, 
(4.20) 
The standard values of modelling constants in Eqs. 4.17 and 4.19 are given in Table 
4.1. These modelling constants are obtained from analysis of simple constant density 
flows and are optimized to handle wide variety of flows. 
Cp Cel Ce2 Pr, Pr, 
0.09 1.44 1.92 1.0 1.30 
Table 4.1: Standard k - c model constants. 
Modified k-c model 
In the present work, a modified form of the standard k-e has been employed. The 
modification comes in the form of using C,! = 1.6 instead of the standard value. This 
modification has been found by Dally et al. (199Sb) to improve the spreading rate of 
the fuel jet in bluff-body stabilized flames. 
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4.1.4 Reynolds stress transport model 
The Reynolds stress transport (RST) model involves solving a differential transport 
equation for each component of Reynolds stresses and scalar fluxes. Hence, instead of 
modelling directly the second moments, as is done with the k - 8 model, the 
modelling effort is shifted to unknown higher-order correlations appearing in 
differential transport equations. Also, the turbulence production terms are now 
subjected to exact treatment. This is expected to facilitate accurate prediction of 
turbulent stress field and its anisotropy. Further, capturing stress anisotropy also 
enables a more realistic modelling of turbulence dissipation rate (Hanjalic and 
Jakirlic, 2002). In the present work, the Reynolds stress model proposed by Launder, 
Reece and Rodi (1975) has been implemented in the in-house RANS code with few 
modifications which are discussed below. The generalized form of transport equation 
for Reynolds stresses for an incompressible flow is given in the Cartesian tensor 
notation as: 
(4.21) 
Where the first and second terms on the left hand side represent the time derivative 
and convective transport of the Reynolds stresses. The first three terms (Dij) on the 
right hand side represent molecular, turbulent and pressure diffusion; P ij is the 
production by mean flow deformation; Gij is the production by body force; Rij is the 
production by rotation force; lPij is the stress re-distribution due to fluctuating 
pressure and eij is the stress dissipation. These terms have been discussed below: 
Molecular diffusion 
The molecular diffusion can be treated exactly as: 
DV=~( OU"u;J 
Y ex /lex 
k k 
(4.22) 
However, for high Reynolds number flows which, are of interest in the present study, 
molecular diffusion is negligible and hence can be neglected. The remaining two 
terms turbulent and pressure diffusion need to be modelled. 
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Turbulent diffusion 
The most popular model for turbulent diffusion is the generalized gradient diffusion 
(GGD), also known as Daly-Harlow (1970) model: 
D T 0 (----;;-;;--;,) 0 (c k "" 0 (--;;--;;)J C 022 lj =--- p.ujUju/c =-- T:::U/CU,- UjU j , T=· oXk oXk E ox, (4.23) 
However, this tensorial form when expanded gives rise to cross-diffusion terms that 
result in severe numerical instabilities. Hence, the present study employs a 
numerically stable and simpler gradient diffusion model proposed by Lien and 
Leschziner (1994): 
(4.24) 
Pressure diffusion 
Diffusion by pressure fluctuations has a different nature in that the propagation is 
through disturbances and none of the gradient transport forms is applicable for 
modelling this terni.. 
D p 0 ( --;;-;,. -;;-;;.) ij = --- p U,Ojk + P Ujo'k Ox k 
(4.25) 
However, in many flows the pressure transport is much smaller than velocity transport 
and hence pressure diffusion has been neglected in the present study. 
Production by shear 
Production by deformation or shear is subjected to exact treatment and is given by: 
(4.26) 
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Pressure -strain rate term 
The effect of pressure fluctuations is redistribution of the turbulent stress among 
components thereby making turbulence more isotropic. The pressure strain interaction 
term is usually split into the following parts: 
(4.27) 
The first term <I>ij.1 is the return to isotropy of non-isotropic turbulence or 'slow tenn'. 
The second term <I>ij.2 is the 'isotropization' of the process of stress production due to 
mean rate of strain. The third term <I>ij.3 is the 'isotropization' of stress production due 
to a body force. The last three tenns correspond to wall blockage and pressure 
reflection effects associated with <I>ijI. «l>ij2 and <I>ij3. The wall blockage effect acts 
against the isotropizing action of the pressure fluctuations while the pressure 
reflection effect augments the isotropizing action due to enhanced eddy scrambling. 
All the terms need to be modelled and different modelling approaches have been 
proposed in the literature. The models adopted in the present study are discussed 
below: 
Model for Slow Term <l>ijl: Rotta (1951) proposed a simple linear model by which 
<I>ijl is proportional to stress anisotropy tensor. 
(4.28) 
Where aij is the stress anisotropy tensor. 
Models for Rapid Terms <l>ij2 and <Dij3 : The term <I>ij2 is associated with mean 
strain rate which is usually the major source of turbulence production. Hence pressure 
fluctuations can be expected to modify the very process of stress production. 
Following this concept, Naot et al. (1970) proposed a model analogous to Rotta's 
model for the slow tenn and is known as the 'isotropization of production' IP model. 
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According to this model: 
cI>··2 = -C2(p -.!.(LPkk ) IJ Y 3 IJ . (4.29) 
Where the constant C2 is correlated to the constant C I by: 
Cl ",,4.5(I-C2 ) (4.30) 
The values adopted in the present work for these constants are: Cl=1.8 and C2=0.6 
An analogous approach can be adopted for the pressure effect on the stress production 
due to body force. For the flows modelled in the present work, body forces are 
negligible and hence cI>ij3 is neglected. Since the modelled flames are unconfined, wall 
reflection and wall blockage effects, if any, are not expected to influence the regions 
of interest in the studied flames. Hence the last three terms in Eq (4.27) have been 
neglected. 
Dissipation rate term 
This has been modelled using the local isotropy hypothesis of Kolmogorov which is 
pertinent to high Reynolds number flows. 
- 2 __ " 
cij = "3 pcuij (4.31) 
The mean energy dissipation rate E is obtained by solving its transport equation. The 
basic form of the model equation is same as in the k-e model, except that now the 
production term is treated in exact form: 
(4.32) 
The model constants used in the present study are CEl=1.60 (same as in the modified 
k-s model), C,2=1.92 and Pr,=1.0 (from Lien and Leschziner, 1994). 
Turbulent kinetic energy 
Since, the Reyno1ds stresses are solved in the RST model, the mean turbulent kinetic 
energy can be directly obtained from the normal stresses. However, presence of walls 
requires special treatment to bridge the viscous sub-layer. The log-law-based wall 
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function treatment used with k-s model can be extended to RST model but it is less 
straightforward. The main problem associated with RST model is the need to calculate 
additional pressure-strain terms in the Reynolds stress transport equations. The 
pressure-strain terms contain products of stresses and strains, and the variation of the 
former across the sublayer is uncertain (Leschziner and Lien, 2002). To overcome this 
problem, an equation for k is solved at the near wall cells rather than the equations 
for Reynolds stress components. However, for computational ease, the equation for k 
has been solved in the entire domain rather than just at the near wall cells. 
a (-k-) a (-- k-) a (PT ak) p. --
- P +- PUi =- -- + k-pe at 8xk 8xk Prk 8xj (4.33) 
Where Prk = 0.82 (Lien and Leschziner, 1994). 
Near wall components of stresses are then derived from the mean turbulence kinetic 
energy from a closed set of algebraic equations (Eq. 4.34). These equations are 
obtained by considering local equilibrium forms of the Reynolds stress equations from 
which the convective and diffusive transport terms are omitted and the log-law is used 
to approximate the shear strain which is assumed to be the only strain (Leschziner and 
Lien, 2002). 
(U"U"r =1.098kp ,(v"V'tW =0.247kp , 
(w"w"r =0.655kp , (Hr =-0.255kp 
Where kp is the turbulent kinetic energy at the near wall node p .. 
Turbulent scalar flux modelling 
(4.34) 
Turbulent scalar fluxes could be modelled using the same approach as adopted for the 
closure of Reynolds stresses. However, this would lead to enormous increase in 
computational time due to the need to solve for additional transport equations for each 
conserved scalar. Hence in the present study the simple gradient diffusion hypothesis 
(Eq. 4.14) has been adopted to model the turbulent scalar fluxes. 
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4.2 Large Eddy Simulation formulation 
4.2.1 Spatial filtering 
In LES, the governing equations are subjected to spatial filtering to partition the 
solution space into resolved and unresolved scales. According to Leonard (1974) 
spatial filtering of a functionfcan be defined as: 
](x) = JG{x - x'; ~(x))f(x')dx' (4.35) 
D 
In the above equation, G represents a filter function and the integral is extended to the 
entire computational domain. The most commonly used filter functions are the sharp 
Fourier cut-off filter, the Gaussian filter and the box filter. Each filter has a length 
scale ~ associated with it and is taken to be intermediate between the Kolmogorov 
length scale and the integral length scale. Eddies of size larger than ~ are classified 
as large eddies while the ones smaller than ~ are classified as the small eddies which 
need to be modelled. In the present LES, a box filter has been adopted, as this filter 
fits naturally into a finite volume discretisation. The process of finite volume 
discretisation of the continuous governing equations is equivalent to applying a box 
filter of width: 
(4.36) 
where tu , ily and /!,z denote the width of a computational cell in the three co-
ordinates. The box filter is defined as 
G(x - x') = 1 !x - x'! < ~ 
= 0 !x-x'! > ~ (4.37) 
As already discussed in the context of RANS, for turbulent reacting flows where the 
density fluctuations are appreciable, it is more convenient to adopt a density weighted 
form of the governing equations. Hence in the context ofLES, a Favre 'filtered' form 
of the governing equations is adopted. These equations are very similar in form to the 
Favre averaged equations in RANS. 
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Favre filtered continuity equation 
815 8 (-) 0 
-+- PUk = 8t Oxk 
(4.38) 
Favre filtered Navier Stokes equations 
8 (--) 8 (-- -) 8P 8 [2 (s- 1" s- )] 8,,, ;;. 
- pu, +- puku, =--+- Jl 'k--U'k kk ---+£, 8t Oxk Ox, 8xk 3 Oxk 
(4.39) 
where the strain rate tensor, - 1 (Ou' 8Ui ] s.=- -+-
"2OxOx J x 
(4.40) 
In the context of LES, the tenn 'ij is the subgrid scale (SGS) stress tensor and it 
represents the impact of the unresolved velocity components on the resolved ones. 
(4.41 ) 
This is introduced from the nonlinearity of the convection tenn, which does not 
commute with the linear filtering operation. In much similarity to the closure problem 
encountered in RANS, the SGS stresses need to be closed with a suitable SGS model. 
Favre filtered scalar conservation equation 
Applying Favre filtering to the continuous fonn of conserved scalar such as mixture 
fraction (Eq. 3.12) yields: 
~(pZ)+~(pzik"Z)=~(r 8Z)+Z;GS 
8t Oxk Oxk Oxk 
(4.42) 
The additional tenn Z;GS is manifested due to the non-linearity of the convection 
tenn and represents the unresolved or subgrid scale portion of the turbulent scalar flux 
and needs to be closed through a sub grid scale model. 
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4.2.2 Modelling of subgrid scale stresses 
The primary requirement of sas model is to ensure that the energy cascade (from 
large scales to small scales) in the LES is same as that obtained with the cascade fully 
resolved, as in DNS. The cascading is however an average process. Locally and 
instantaneously the transfer of energy can be much larger or much smaller than the 
average and in flows, such as transitional flows, energy cascade can also occur in the 
opposite direction (Le. from smaller scales to larger scales) known as 'backscatter' 
(Piomelli et al., 1996). Hence ideally, the sas model should also account for this 
local instantaneous transfer. 
Smagorinsky model 
The Smagorinsky model (Smagorinsky 1963) was the first model to be proposed for 
sas stress tensor and is still widely employed. It employs the eddy viscosity concept 
thereby relating the anisotropic part of the sas stresses to the rate of strain S;k of 
resolved velocity field. 
(4.43) 
The eddy viscosity JlSGS is determined by considering it to be proportional to the 
product of the length scale of the unresolved motion and its velocity scale. Relating 
the length scale to filter width Li: and velocity scale to the strain rate tensor S,k' the 
eddy viscosity JlSGS can be expressed as: 
(4.44) 
Where ISI = ~2SijSij and Cs is a dimensionless co-efficient called the Smagorinsky 
co-efficient. The widespread use of this classical Smagorinsky model is mainly due to 
its simplicity. However, the model suffers from significant drawbacks. The 
Smagorinsky co-efficient is flow dependent and hence has to be calibrated for each 
variety of flow. Lilly (1966) determined the value of Cs '" 0.23, for homogeneous 
isotropic turbulence with a filter cutoff in the inertial subrange and Li: equal to the 
grid size. However, in the presence of mean shear, this value resulted in excessive 
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damping of the resolved large scale fluctuations, and in his simulation of turbulent 
channel flow, Deardorff (1970) used Cs = 0.1. For the same type of flow, Piomelli et 
al. (1988) found the value of C, = 0.065 to be optimal. The optimal value is changed 
for other types of flows such as transitional flows. Another drawback stems from the 
fact that the classical model does not account for the reduction in eddy viscosity close 
to the walls. To overcome this problem, use of Van Driest style damping functions is 
advocated (Moin and Kim, 1982). 
I-Lsas =.o(C,t.) Isl· 1-e - 2 - ( -(y' I A')' ) (4.45) 
However, this ad hoc approach is restricted to simple flows and is far from desirable. 
In addition, the assumption of eddy viscosity makes the Smagorinsky model strictly 
dissipative and hence is not capable of reproducing 'backscatter'. 
Dynamic procedure 
Motivated by the limitations of the classical Smagorinsky model, Germano et al. 
(1991) developed dynamic procedure wherein the co-efficient C, is computed 
dynamically as the calculation progresses rather than input a priori. In this procedure, 
an additional filter known as the test filter n which is larger than the grid filter is . 
applied to the velocity field and information is extracted from the smallest resolved 
scales (Le larger scales close to the cut-off). This information is then used in 
calculating the Smagorinsky co-efficient. Application of the test filter to the filtered 
Navier-Stokes equations results in sub-test-scale stress tensor analogous to sub-grid-
scale stress tensor. 
(4.46) 
The test filtered velocities ff, can be computed from known resolved velocities u, by 
applying the test filter using an appropriate function G . Similarly, the resolved part L'k 
of the sub-test-scale stress Tij on the grid ~ can be evaluated. 
(4.47) 
These resolved turbulent stresses are also known as Leonard stresses and are 
representative of the contribution of the Reynolds stresses by the scales whose length 
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is intennediate between the test filter width and the grid filter width. Gennano et al. 
(1991) related Lij to the subgrid test scale stresses at the test level and grid level by the 
identity: 
(4.48) 
Thus, on one hand Lij can be directly computed while on the other hand a model 
expression can be obtained with the application of Smagorinsky model to the 
anisotropic parts of Tij and 'tu . 
(4.49) 
(4.50) 
where 
Su = - -' +_1 and S = 2SuSlj '" I(Oa ca.) 1"'1 ~ ~ 
2 Ox) Ox, (4.51) 
Substitution ofEq. 4049 and 4.50 in 4048 leads the model expression: 
mod 2 SI "'I '" 2 21-1-Lu =-2C ,f'o. S Su+2C ,f'o. S Su (4.52) 
Ideally, Cs can be chosen such that 
(4.53) 
But since the Eqo4.53 is a tensor equation, it can only be satisfied in some average 
sense. Lilly (1991) proposed the minimization of the root mean square of the left-
hand-side which yields: 
C; (x,y,z,t) = (4.54) 
Where Mu = a 2pIsIsu - pISIS: and a = ~ is the ratio of test filter to grid filter. 
For an incompressible flow, Eq. 4.54 simplifies to 
2 ( ) LUMij C, x,y,z,t = -=""2---"'--
2f'o. MuMij 
(4.55) 
Thus, with the dynamic procedure, the Smagorinsky co-efficient can be dynamically 
calculated at every spatial grid point and time step with only a as the only input to 
the model. The dynamic procedure ensures correct behaviour near wall without any ad 
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hoc damping functions by automatically reducing the value of the co-efficient near to 
the wall. 
However, the values of model co-efficient tend to fluctuate considerably in space and 
time thus requiring some form of averaging to maintain stability of the numerical 
simulation. Typically, Lij and Mij are averaged in spatially homogeneous directions in 
space. However, this requires the flow to have at least one homogeneous direction. A 
number of alternative approaches which give better stability than the standard 
dynamic procedure have been proposed. Breur and Rodi (1994) proposed to relax the 
value in time using the co-efficient from previous time step. Piomelli and Liu (1995) 
proposed to use the known value of the co-efficient from previous timestep in the 
rightmost term of Eq. (4.52) rather than extracting it from the test filter. This method 
offers the advantage of smoothing in space without any homogeneous direction 
required and hence is adopted in the present LES. 
4.2.3 Modelling of subgrid scalar fluxes 
Analogous to the eddy viscosity based strategy adopted for SGS stresses, a simple 
gradient diffusion model with eddy diffusivity is employed to model the SGS scalar 
fluxes. For a conserved scalar mixture fraction Z: 
ZSGS =1 at 
k , 8x 
k 
(4.56) 
Where the eddy diffusivity 1, can be obtained from the knowledge of eddy viscosity 
by scaling with a turbulent Schmidt number. 
1 - liT / j5 
, -
SeT 
(4.57) 
Substituting the Eqs. 4.56 and 4.57 in 4.42 yields the Favre filtered mixture fraction 
transport equation in its closed form: 
~(j5t)+~(PUkt)= ~((1+1T) at) 
at aXk 8xk 8xk (4.58) 
The laminar and turbulent Schmidt numbers take values of 0.7 and 0.4 respectively in 
the present work. 
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Combustion Models 
The direct approach of handling combustion is to find a suitable chemical kinetic 
mechanism for the fuel under investigation, solve the transport equations for all the 
species in the mechanism and attempt to model the mean chemical source term. 
However, a realistic chemical mechanism can involve tens of species and several 
hundreds of elementary reactions even for a simple hydrocarbon fuel like methane. In 
addition, if one is interested in accurate prediction of pollutant NOx, accounting for all 
the possible reaction pathways becomes a necessity and the overall mechanism could 
be reduced only to a limited extent. Solving for a large number of transport equations, 
even with RANS, is not tractable let alone for LES. Another concern is that of finding 
a suitable model for the mean or filtered chemical source term which is, in principle, 
an arbitrary nonlinear function of the scalar variables. Thus, it is required of a 
combustion model to address both the issues with an accurate, yet computationally 
efficient method. 
For non-premixed combustion, conserved scalar mixture fraction based models appear 
to offer the most effective description of the chemistry. When used in conjunction 
with a non-conserved reaction progress variable, they are as well capable of handling 
partially premixed combustion. One of the main objectives of this work is to develop 
and implement advanced flamelet based combustion models all of which are mixture 
fraction based. In this chapter, the role of mixture fraction in non-premixed 
combustion has been discussed section 5.1 as a prelude to the classical steady laminar 
flamelet model which is discussed in section 5.2. An advanced formulation for non-
premixed combustion, the non-adiabatic flamelet model which accounts for radiation 
heat loss effects is discussed in section 5.3. For NO modelling, both the steady 
laminar flame1et model imd non adiabatic flamelet model require the use of NO 
submodels and these submodels are presented in section 5.4. Finally, the 
flameletlprogress variable approach has been discussed in section 5.5. 
Combustion Models 
5.1 Conserved scalar mixture fraction approach 
It has been shown in section 3.1, that in a chemical reaction the element mass 
fractions are conserved and their equations are devoid of chemical source term. And 
under the assumption of unity Lewis number, equal diffusivity and adiabatic 
conditions, the enthalpy too is conserved and its equation (Eq. 3.15) takes a form 
identical to that of element mass fraction (Eq. 3.11). These conserved scalars in the 
chemical reaction can be represented by a single normalized scalar, namely the 
mixture fraction, Z. For a two feed fuel-oxidizer non-premixed combustion, the 
mixture fraction is simply the local fuel stream mass fraction taking a value of unity in 
the fuel stream and zero in the oxidizer stream. A relationship between mixture 
fraction and reactive scalar variables (species mass fractions, temperature etc.) could 
then be specified through thermo-chemical models and complete information on 
chemical state can be obtained at a significantly reduced computational expense. This 
forms the basis of conserved scalar mixture fraction approach. 
The mixture fraction which is by itself a conserved scalar, assumes the vital roles of 
tracking the mixing of inflow streams, transport of all the conserved scalars (element 
mass fraction, enthalpy etc.), and the advection of reactive scalars. Mixture fraction 
can be related to any of the conserved element mass fractions. However, in the 
presence of differential diffusion, the mixture fraction values become sensitive to the 
particular element on which the definition is based. The element mass fraction no 
longer has a linear dependence with flame position (Drake and Blint, 1988). To 
overcome this problem, Bilger (1988) suggested a definition for mixture fraction 
which is based on a linear combination of elemental mass fractions of C, H and 0: 
Z = 2(Zc -Zc.2)/Wc +(ZH -ZH,2)/2WH -(Zo -Zo,2)/T¥. 
2(Zc\ -ZcJ1Wc +(ZH 1 -ZH 2)/2WH -(ZOI -Zo 2)/Wo 
" ., " 
(5.1) 
where subscripts 1 and 2 denote fuel and air streams and W represents the molecular 
weight. This formulation preserves the stoichiometric value of the mixture fraction, 
independent of the effects of differential molecular diffusion. This definition of 
mixture fraction has been widely adopted (Dally, 1998a; Pits ch and Peters, 1998; 
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Hossain, 1999; Barlow et al., 2000; Liu et al., 2005) and is employed in present study 
as well. 
5.1.1 Models for system chemistry 
The models used to establish relationship between chemical state and mixture fraction 
are based on the general assumption of 'fast' chemistry, the condition that chemical 
kinetics are infinitely fast in comparison to other processes in the flow. Simplest of 
the models is the Flame Sheet (also known as Burke-Schumann limit) model wherein 
chemistry is described by a single step irreversible reaction and the reactive scalar 
variables are determined directly from the given reaction stoichiometry, with no 
reaction rate or chemical equilibrium information required. The Flame Sheet model 
requires minimal calculation effort but is limited to the prediction of only major 
species of the single step reaction. It provides no information on intermediate species 
or dissociation effects thereby often resulting in an overprediction in flame 
temperatures. Equilibrium chemistry model as the name indicates, assumes that the 
chemistry is fast enough for the chemical equilibrium to always exist at molecular 
level. The reactive scalar variables are expressed as a function of mixture fraction 
using the minimization of Gibbs free energy. This model offers the advantage of 
predicting intermediate species even without the knowledge of detailed chemical 
kinetic rate data. In each of these models, the reactive scalar variables are expressed 
only as function of mixture fraction: 
tjJ = tjJ( Z) ,tjJ = p,T,Y i (5.2) 
In turbulent reacting flows, the instantaneous relationship between the mixture 
fraction and the reactive scalars is non-linear due to fluctuations. Hence the mean 
scalar variables cannot be obtained by the above relations by simple substitution of a 
mean mixture fraction Z instead of Z. To overcome this problem, a presumed shape 
probability density function P(Z) is introduced and the mean reactive scalar variables 
in the turbulent field are obtained from: 
~ = £ tjJ(Z)P(Z)dZ (5.3) 
The Flame Sheet and Equilibrium chemistry models are limited to first cut estimations 
or situations where chemical kinetics do not play significant role. However, they 
provide basis for the development of more capable models which can account for the 
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effect of turbulence on chemistry, ignition and extinction phenomena which occur, for 
example, in the region upstream of a lifted flame. 
5.2 Steady laminar flamelet model 
This model is considered (Peters, 1984) as a non-equilibrium version of the classical 
Burke-Schumann limit. The steady laminar flamelet model (SLFM) approaches this 
limit asymptotically in the limit of one-step irreversible reaction with a large 
Damkohler number (kolmogorov time scale to chemical time scale). The SLFM is 
similar to the models discussed before in that it relies on a single scalar transport 
equation for the mixture fraction and employs chemical state relationships to relate 
the reactive scalar variables to the mixture fraction. However, the critical difference is 
that the equilibrium chemical states which are solely obtained from thermochemistry 
are replaced in SLFM by solutions of one-dimensional, steady, diffusion-reaction 
equations termed as the flamelet equations. These solutions represent laminar 
diffusion flamelets. 
The SLFM is based on the concept that a turbulent diffusion flame can be treated as 
an ensemble of locally one-dimensional laminar diffusion flamelets. Presence of 
laminar flamelets in turbulent flame requires that the chemical time scales and length 
scales are smaller than those of turbulence. Bray and Peters (1994) presented the 
limits of flamelet regime in turbulent non-premixed combustion. According to them, 
flamelet regime in non-premixed combustion is observed when the Damkohler 
number is greater than unity and the flame thickness, based on mixture fraction 
coordinate, is lesser than mixture fraction variance. Flamelets in turbulent flow are 
subjected to aero-dynamic strain resulting in departure from chemical equilibrium. In 
order to account for the effect of turbulence on flamelets, scalar dissipation rate X 
which is representative of turbulent mixing is introduced as an additional parameter. 
Hence in SLFM, the thermo-chemical structure of the flame is a function of mixture 
fraction and its dissipation rate. 
Turbulent mean reactive scalar variables can be computed by integrating the laminar 
flame lets with the joint PDF of mixture fraction and scalar dissipation rate. The 
laminar flamelet concept thus, eliminates the need to resolve small chemical time and 
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length scales in turbulent flow calculations making the numerical effort quite 
economic. Furthermore, it allows for detailed chemical kinetics since the flamelet 
calculations are decoupled from the turbulent flow calculations. 
5.2.1 Flamelet equations 
The flamelet equations have been derived by Peters (1984) for describing the reactive-
diffusive structure in the vicinity of flame surface as a function of mixture fraction. 
The derivation is based on two steps. In the first step, a co-ordinate transformation, 
applied at the flame surface is introduced. This is illustrated in Fig. 5.1 for a two feed 
turbulent jet diffusion flame. 
Air 
Z=O·······~ 
Fue!J.---r~ 
Z=-r-
Air 
....... ~ 
Z=O 
~~ Z,=X, 
Z(x,t)=Z •• Z,=X, 
Figure 5.1: Surface of stoichiometric mixture in a turbulent jet diffusion flame 
The field equation for the mixture fraction that determines the location of the flame 
surface is given (under the assumption of equal diffusivity and unity Lewis number) 
by: 
a a a [ az] 
-(pZ)+-(pukZ)=- pD-at Oxk Oxk Oxk 
(5.4) 
Solution of balance equation for mixture fraction provides knowledge about its 
distribution as a function of space (x) and time (t) and henceforth the flame surface 
defined as the surface of stoichiometric mixture fraction can be obtained by setting: 
Z(x,t) = Z" (5.5) 
Combustion essentially takes place in the vicinity of this surface and this thin layer 
with the surrounding inert mixing region is termed as laminar diffusion flamelet. An 
orthogonal coordinate system is attached to this stoichiometric surface (Fig. 5.1) such 
that Z is normal to the surface while the two tangential coordinates lie within the 
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surface. Coordinate transfonnation (Xl, X2, Xl, t) to (Z, Z2, Z3, 't) is then implemented in 
the instantaneous balance equations for species and temperature. The coordinate Xl 
which is defined as being locally nonnal to the flame surface is replaced by a new 
independent variable Z, whereas the tangential coordinates Xl and Xl are the same as 
the new coordinates Z2 and Zl, respectively. 
In the second step, simplifications to the equations are made by considering the 
derivates of the reactive scalars in the tangential directions to be negligible in 
comparison to those in the nonnal or Z direction. This is based on the classical 
boundary layer argument for thin layers. Since the temperature, for instance, is nearly 
constant along the flame surface, Z(x,t)=Zst, gradients along the surface are expected 
to be small compared to those normal to it. Similar argument is put forward for the 
chemical species concentrations as well. For unity Lewis number, the flamelet 
equations are then expressed as: 
ay, x (a2y,) . P at =Pi az2 +Olj 
aT x(a2T) x (aT acp) 
Par-Pi az2 -P 2Cp az az 
_ ±P x cpj (ay, aT)+_1 ±hro + Q,ad = 0 
1=1 2 Cp az az Cp ,=1 " Cp 
(5.6) 
where p is the density, T is the temperature, Cp is the specific heat at constant 
pressure, ro is the reaction rate, h is the enthalpy, Q,ad is the radiative source per unit 
volume, and the subscript i refers to the i'h chemical species. The symbol X represents 
the instantaneous scalar dissipation rate and it is defined as: 
X=2D(:J (5.7) 
The scalar dissipation rate plays an important role in flamelet models for non-
premixed combustion. It can be interpreted as an inverse diffusion time scale and it 
represents the influence of flow field on local flame structure. It incorporates 
implicitly the influence of convection and diffusion nonnal to the surface of 
stoichiometric mixture. In order to solve the above equations, the functional 
dependence of scalar dissipation rate on mixture fraction is modelled according to 
Peters (1984) by considering laminar counter flow diffusion flame configuration. 
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(5.8) 
where a is the velocity gradient at the stagnation point of a counter flow diffusion 
flame and erfc'! is the inverse of the complementary error function. In consistence 
with the flarnelet concept, this functional dependence is parameterized by the scalar 
dissipation rate at stoichiometric mixture fraction X" = X (Z" ) . 
In steady flamelet modelling, a quasi-steady burning is assumed and hence time 
derivatives are neglected in the flamelet equations. However, they play important role 
(Mauss et al., 1990) during rapid transitions between fully burning and extinguished 
states which occur during extinction and re-ignition and are retained in case of 
unsteady flarnelet modelling. 
In the present study, flamelet calculations have been carried out in the mixture 
fraction space using the FlameMaster code of Pitsch (1998). 
5.2.2 Statistics of mixture fraction and scalar dissipation 
rate 
Solutions of flamelet equations provide the thermo-chemical structure of a flame as a 
function of mixture fraction and scalar dissipation rate. In principle, both the mixture 
fraction and the scalar dissipation rate are fluctuating quantities and their statistical 
distribution needs to be considered for evaluation of statistical moments of the 
reactive scalars in the turbulent flow. Provided the joint Favre PDF P (Z, X,,) is 
known and the steady flamelet equations are solved to obtain reactive scalars rfi as a 
function of Z and X" , the Favre averaged values of rfi can be obtained from: 
I ~ 
i = f frfi(Z;X")P(Z,X,,;x,t)dX,,dZ (5.9) 
o 0 
In the present study, the joint PDF is modelled by assuming statistical independence 
between Z and X" and presuming the shape of their marginal PDFs: 
(5.1 0) 
The most widely used shape for the marginal PDF of mixture fraction P (Z) is the p-
function distribution (Peters, 1984; Bray and Peters, 1994). It has the advantage that 
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its parameters can be related algebraically to the first two moments of mixture fraction 
which are obtained as part of the solution in CFD. The PDF for mixture fraction is 
given by: 
]">(z) z·-' (I-Zt' !(a+b )Z·-' (I-Zt' 
£Z·-' (I-Zt' - r(a)r(b) (5.11) 
where the coefficients a and b are given by: 
a=i[i~i) I] Z·2 (5.12) 
b =(I-i)[ i~i) I] (5.13) 
The mean mixture fraction i and its variance Z·2 are obtained from their respective 
transport equations 
- pZ +- pukz = _ -'---a ( -) a ( -) a [f.J ai] 
at Oxk Oxk Se" Oxk 
(5.14) 
a ( Z.2) a ( z.2) _ a ( f.J, az·2 J 2 f.J, (az'2 J2 -
- P +- PUk -- ---- + -- -- -PX 
at Ox, ox, Se, Ox, Se, Ox, 
z· t z· t 
(5.15) 
Where the turbulent Schmidt numbers for both mixture fraction and its variance take 
the value of 0.9 in the present RANS work. The mean scalar dissipation rate X is 
obtained by relating it to the mean scalar fluctuations Z·2 and the mean turbulent time 
scale ilk (Jones, 1982). 
- - C i Z·2 h C 2 0 x- x"'" were x=· 
k 
(5.16) 
The marginal PDF for scalar dissipation rate is assumed to follow a log-normal 
distribution. The presumption of log-normal distribution for scalar dissipation rate has 
been has been experimentally found valid by Effelsberg and Peters (1988). 
- 1 [I 2J p(X,,)= ~exp --2 (Inx,,-f.J) 
X"O' 21t 20' 
(5.17) 
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where the parameters Il and (J' are related to the first and second moments of X by 
(5.18) 
X·2 = X2 exp( (J'2 -1) 
Therefore, P (X." ) can be evaluated from the knowledge of X and (J' • For the present 
study a value of (J' =2.0 has been chosen after experimental results by Sreenivasan et 
al. (1977). 
5.2.3 Flamelet quenching 
The scalar dissipation rate is used to describe local extinction according to the 
flamelet concept. As the scalar dissipation rate is increased, the stretch on the flamelet 
is increased and at a particular limit the heat loss from the reaction zone balances the 
heat generation from chemical reaction. This is the quenching limit, X q and is 
obtained from the flamelet calculations. Beyond this limit, the flamelet extinguishes. 
The fraction of burnable flamelets in the turbulent flame may then be calculated as 
probability of X < Xq: 
I I( (InXq/X+1I2cr2]J P. = - + - er! r;; 
2 2 -v2cr 
(5.19) 
The value of Ph lies between zero and unity depending on the extent of non-
equilibrium in the turbulent flame. For a zero mean scalar dissipation rate 
corresponding to equilibrium condition Pb is unity. As the scalar dissipation rate 
increases the chemistry shifts away from equilibrium, probability of occurrence of 
flamelets decreases and Ph becomes less than unity. Flamelet after quenching is 
assumed to follow pure mixing state. 
As the extinction process from fully burnt to pure mixing is very rapid, it is assumed 
that a turbulent flame is composed of an ensemble of fully burning flamelets and 
completely extinguished flamelets. Such a method of accounting for local extinction 
is reasonable if there is sufficient residence time for the flame to approach the steady 
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state, being either a fully burning state or pure mixing state (F erreira, 1996). However 
in turbulent flows with rapid changes in scalar dissipation rate, the steady state flame 
structure approximation is shown to be incapable of handling local extinction 
(Ferreira, 1996; Hossain, 1999) and a transient modelling has been recommended. 
(Haworth et al., 1988a; Mauss et al., 1990; Ferreira, 1996). 
5.2.4 Application of SLFM to LES 
The formulation for SLFM discussed thus far in the context of RANS is equally valid 
for LES. However, in LES, the integrated values of the scalars represent Favre filtered 
values and the PDF for mixture fraction and scalar dissipation rate are Favre filtered 
PDFs. Similar to the mean mixture fraction equation in RANS, a transport equation 
(Eq. 4.58) for filtered mixture fraction is solved in LES. However, the subgrid 
. variance is modelled in LES. Such an approach has been established for LES after 
significant testing carried out by several works in the past (Cook and Riley, 1994; 
Branley and Jones, 2001; Pierce and Moin, 1998). Cook and Riley (1994) suggested 
the following model based on a scale similarity hypothesis. 
Z·2 = C, ( F -f) (5.20) 
The hat in the above equation indicates the test filtering operator in dynamic 
procedure. The value of the constant Cz = 1.0 has been found to be a reasonable 
assumption. The hypothesis behind scale similarity is that the largest unresolved 
scales have a structure similar to the smallest resolved scalars. The above model has 
been used in the present LES computations. 
In RANS, the mean scalar dissipation rate is obtained from the knowledge of mean 
turbulent kinetic energy and dissipation rate which are obtained from the solution of 
their respective transport equations. However, in LES, a different approach is adopted. 
Cook and Riley (1998) suggested that filtered scalar dissipation rate can be derived 
using the effective viscosity and filtered mixture fraction gradient. The model 
equation is given as: 
(5.21) 
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The effective viscosity is obtained from the localized dynamic procedure while the 
laminar and turbulent Schmidt numbers take the values of 0.7 and 0.4 respectively. 
Current LES calculations adopt the above model for filtered scalar dissipation rate 
calculations. Since a look-up-table strategy is employed, all the PDF integrations for 
filtered scalars are carried out in pre-processing stage in Pre-PDF SLFM (discussed in 
section 7.1.3) and read into the LES calculations. From the knowledge of filtered, 
mixture fraction, its subgrid variance and filtered scalar dissipation rate, 3D 
interpolation (Appendix I) is performed to obtain the filtered values of the reactive 
scalars and hence the filtered distribution of the flame. 
5.2.5 Limitations of steady laminar flamelet model 
In addition to the inability of SLFM to handle local extinction, the predictive 
capability of the model with respect to NOx and radiation is as well of equal concern. 
The assumption of considering steady-state solutions of the flamelet equations has 
been advocated by Peters (1984) with the view that away from extinction, the changes 
in scalar dissipation rate are slow enough for the flamelet structure to be considered as 
in steady state. However, this assumption becomes invalid for the slow chemistry of 
NOx and the slow physical phenomena of radiation. Pitsch et al. (1998) have shown 
that considering the radiation heat loss through the source term in the steady flamelet 
equations results in large discrepancies in the reactive scalars. Considering solutions 
of unsteady flamelet equations and therefore resorting to a transient flamelet 
modelling has been advocated by them to resolve the issues with both radiation and 
NOx• However, from a practical application perspective, employing a transient 
flamelet modelling is significantly expensive than the steady flamelet modelling 
especially when CFD calculations are coupled with flamelet calculations. 
Hence in the present work, attempts have been made to extend the steady flamelet 
model to a RANS, based non-adiabatic formulation which while using steady 
flamelets, is able to consider the effect of radiation heat loss and when integrated with 
steady or unsteady flameIets based NO submodels, is able to account for the slow 
chemistry of NO. 
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5.3 Non adiabatic flamelet model 
The flamelet model allows for specification of radiation heat loss in the. flamelet 
equations through a radiation source term. The assumption here is that radiation is 
effective essentially as a thin gas radiative emission to the surroundings only within 
the thin region of high temperature. However, radiative heat exchanges in realistic 
combustion systems involve emission and absorption taking place over much larger 
length scales. Present non-adiabatic model attempts to account for the effect of global 
radiation heat loss on flamelet structure through an 'enthalpy defect' concept 
proposed by Bray and Peters (1994). Enthalpy defect I; is defined as the difference 
between the actual enthalpy h and adiabatic enthalpy had which can be directly 
related to the mean mixture fraction: 
1; = h -had = h-( ~ -Z(~ -~») (5.22) 
Where h2 and hi are enthalpy of the fuel and air streams. The enthalpy defect thus, 
provides a measure of the local non-adiabatic conditions in the turbulent flame. By 
imposing enthalpy defect as an additional parameter on to the flamelet, coupling 
between the non-adiabatic conditions in the turbulent flame and the thermo-chemical 
structure of the flamelet are achieved. The method of imposing enthalpy defect on the 
flamelet has been discussed in detail in Chapter 7, section 7.1.2. 
Since the effect of radiation on flamelet structure is not handled through a source 
term, steady flamelet equations can be used to obtain the thermo-chemical structure of 
the flame. Any scalar variable (~) in the non-adiabatic flamelet model is a function 
three parameters, the mixture fraction Z, stoichiometric scalar dissipation rate X" and 
additionally the enthalpy defect 1;. 
(5.23) 
Turbulent mean value of a scalar ~ can then be obtained by integrating the 
instantaneous values with joint PDF of the three parameters Z, X" and 1;. 
I ao i!; ... "" 
~ = J J J ~(Z;x";1;)p(Z.x,,,1;;x.t)d1; dX"dZ (5.24) 
00 l:;"," 
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Following a strategy similar to that used for adiabatic version of the steady flamelet . 
model, statistical independence between the three parameters has been assumed and a 
presumed PDF approach has been adopted. The PDF for mixture fraction is assumed 
to follow ~ function distribution, PDF for scalar dissipation rate assumed to follow 
log-normal distribution and a /) function has been assumed for enthalpy defect. 
Assumption of /) function gains support from the argument (Bray and Peters 1994) 
that the fluctuations of entha1py are mainly due to mixture fraction fluctuations and 
hence are accounted by the latter. Upon imposing the simplifications, the integration 
for mean value ofthe scalars is given by: 
~ I 
i = J J~(Z;x,I;i;)P(Z)P(x")o(i;-~)dZdX,, (5.25) 
00 
This non-adiabatic version of SLFM has been referred as NADM (non-adiabatic 
model with multiple scalar dissipation rates) in the present thesis. In this model, the 
variation in non-adiabatic structure with respect to scalar dissipation rate is considered 
for each enthalpy defect. Thus, the effort of generating flamelets in SLFM is 
multiplied by the number of enthalpy defects. In order to simplify the pre-processing 
effort, Hossain et al. (2001) who previously contributed to the development of this 
model considered only a single flamelet per enthalpy defect. Such a simplification 
drastically reduces the flamelet generation effort as well as pre-integration effort since 
Eq (5.25) will be reduced to: 
I 
i = J~(Z;i;)P(Z)o(i;-~)dZ (5.26) 
o 
This simplified non-adiabatic model with single flamelet or scalar dissipation rate per 
enthalpy defect is referred as NADS in the current thesis. In the present work, 
simulations have been carried out with both the models to verify the impact of 
omitting the effects of scalar dissipation rate on the predictions especially the 
pollutant NO which was not studied by Hossain et al. (2001). 
With both the non-adiabatic models, enthalpy is no longer a conserved scalar and a 
transport equation for the mean enthalpy has to be solved in addition to the mean 
mixture fraction and its variance equations. 
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The balance equation for mean enthalpy follows: 
(5.27) 
Where the turbulent Prandtl number Prh takes a value of 0.9. The radiative source 
term Qrod requires elaborate calculations in the CFD and it has been obtained from the 
Discrete Transfer Method (DTRM) of Lockwood and Shah (1981). 
Discrete Transfer Method 
In this method representative rays are fired from the domain boundaries. For each 
boundary element, a radiating hemisphere is divided into finite number of solid angles 
and the intensity through a particular solid angle is represented by a single ray which 
is infact the main assumption of the model. The direction of each ray is specified in 
terms of the zenith (theta) and azimuthal (Phi) angles. In the current work each 
quadrant is divided into 64 parts in theta and 64 parts in phi directions thereby giving 
64 . x 64 rays in one quadrant. The radiative transfer equation or the recurrence 
equation is solved along each ray and this tracks the change in radiation intensity 
along the path of the ray from one boundary element to the other. In the present model 
the surfaces are assumed to be diffuse and gray. i.e, the emissivities are independent 
of direction and wavelength respectively. 
The recurrence equation is employed successively from boundary to boundary and the 
net radiation heat flux from each boundary element is calculated. The sum of the 
intensity changes of all the rays that traverse a control volume in the domain provides 
the radiation source term which goes into the mean enthalpy equation (Eq. 5.27). In 
solving the recurrence equation, the total intensity at the beginning of the path for a 
ray in a particular element is required. This is a sum of reflected part of incoming 
intensity and directly emitted intensity. In the current work, the directly emitted 
intensity is calculated from the knowledge of wall temperature and wall emissivity 
(set as 0.8). The incoming intensity is a summation of the incident intensities for ail 
rays. This is not known prior to radiation calculations and hence the solution process 
is iterative. In the current work, the value is initialised by calculating incident 
radiation from near wall gas temperature. 
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The DTRM handles radiation in participating media. In the present model, only C02 
and water vapour H20 have been considered as the participating gases, which absorb 
and emit radiation depending on local mixture temperatures. The emissivities of the 
gases are calculated using the weighted sum of gray gases model (WSGGM). 
5.4 Flamelet based NO sub models 
Oxides of Nitrogen (NO.) are chemical components which are present in low 
concentrations in turbulent non-premixed flames and are considered to be trace 
species in comparison to other major products of combustion. Trace species which 
maintain chemical equilibrium pose no special issues in that their instantaneous 
concentrations can be directly parameterized by mixture fraction, scalar dissipation 
rate and enthalpy defect (in non-adiabatic model). However, the slow and kinetically 
controlled chemistry of NO results in concentrations which are almost always away 
from equilibrium and adopting the classical steady flamelet approach results in 
significant overprediction in the concentrations. Hence, separate treatment has been 
adopted through NO sub-models. The sub-models that have been implemented in the 
in-house RANS code are classified into: 
(a) Steady flamelets (adiabatic and non-adiabatic) based NO submodels 
(b) Unsteady flamelets (adiabatic and non-adiabatic) based NO submodels 
The low concentration of NO means that its influence on the mixing field, 
temperature and major species is negligible and hence it could be post-processed with 
RANS calculations. Thus, in the present study, CFD calculations of turbulent flow 
and mixing field are perfonned until convergence and subsequently the mean NO is 
post-processed by invoking an appropriate submodeI. A noteworthy point here is that, 
even the unsteady flame lets based NO calculation uses the turbulent flow and mixing 
field obtained from steady flamelets. Such an approach is computationally efficient 
and of great practical interest. It avoids the need for expensive interactive flamelet 
modelling wherein unsteady flame let equations are solved during the turbulent flow 
and mixing field calculations. The validity of this approach has been demonstrated by 
Pitsch et al.(2000) who showed that heat release and major species concentration 
predictions are unaffected by transient effects. 
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The different NO, submodels that have been employed with adiabatic and non-
adiabatic flamelet modelling in the current work are shown in Table 5.1 and the 
submodels are discussed in the subsections to follow. 
Adiabatic flamelet Non-adiabatic flamelet 
modelling (SLFM) with modelling (NADM & NADS) 
RANS with RANS 
Flow, mixing 
field, Temp & Steady adiabatic flamelets Steady non-adiabatic flamelets 
Major Species 
Steady Unsteady Steady noo- Unsteady noo-
adiabatic adiabatic adiabatic adiabatic 
NO submodel submodel submodel sub model 
(Post-processing) Steady Unsteady Steady Unsteady 
adiabatic adiabatic non-adiabatic non-adiabatic 
flamelets flamelets flamelets flamelets 
Table 5.1: RANS based NO sub-models for SLFM and non-adiabatic flamelet 
modelling. 
5.4.1 Steady adiabatic NO submodel 
This submodel (referred by SLFM-NO-TRE) is used in conjunction with SLFM to 
model NO. It follows a simple technique of addressing the slow and kinetically 
controlled chemistry of NO,. In the post-processing phase, the mean NO mass 
fraction is calculated from the solution of its steady transport equation (Eq. 5.28) 
which contains the mean NO production rate as a source term. This model requires as 
input, the converged solution of turbulent flow and mixing fields from steady flamelet 
modelling. 
(5.28) 
Where the turbulent Schmidt number SeNO has been considered to be 0.7. 
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Consistent with the approach adopted for mean temperature and major species, the 
closure of the mean chemical source term is achieved by presumed PDF approach. 
The PDF for mixture fraction is assumed to follow P function while the PDF for 
scalar dissipation rate follows log-normal distribution. 
00 I 
ciJNO = f froNO(Z,"X,,)P(Z)P(X,,)dZdX,, (5.29) 
00 
Where roNO the instantaneous production is rate of NO and is obtained from the 
solution of steady adiabatic flamelet equations. 
5.4.2 Steady non-adiabatic NO submodel 
Two versions of this submodel (referred by NADM-NO-TRE and NADS-NO-TRE) 
have been employed in the present study and both follow exactly the same strategy as 
the steady adiabatic NOx submodel except that they work within the framework of 
non-adiabatic flamelet modelling. The turbulent flow and mixing field necessary for 
post-processing are obtained from the steady non-adiabatic flamelet model which uses 
enthalpy defect imposed non-adiabatic flamelets. The transport equation for mean 
mass fraction of NO is same as in the Eq (5.28). However, the mean source term is 
now derived from an instantaneous source term which is obtained from enthalpy 
defect imposed non-adiabatic flamelets. For the NADM-NO-TRE submodel which is 
used in conjunction with the NADM model for non-adiabatic turbulent flame 
calculations, the mean source term is evaluated as: 
00 I 
ciJ NO = f froNO (Z;x";I;)P(Z)P(X,, )I>( I; -~)dZdX" (5.30) 
00 
For NADS-NO-TRE submodel which is used in conjunction with NADS model, the . 
scalar structure is independent of the variations in scalar dissipation rate and hence the 
required integration for the mean source term is given by: 
I 
ciJNO = froNO(Z;I;)P(Z)I>(I;-~)dZ (5.31 ) 
o 
Here again, the PDF for mixture fraction is assumed to follow P function while the 
PDF for scalar dissipation rate follows log-normal distribution. The PDF for enthalpy 
defect is assumed to follow a I> function. 
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5.4.3 Unsteady adiabatic NO submodel 
The unsteady modelling follows a radically different approach to the steady 
submodels. The Lagrangian flamelet model (LFM) of Pitsch et al. (1998) and the 
Eulerian particle flameIet model (EPFM) of Barths et al. (1998a) are the popular 
approaches to unsteady modelling. While LFM is restricted to parabolic flows, EPFM 
is a more sophisticated approach and is applicable to both parabolic and elliptical 
flows. In the present study both the parabolic jet flames and elliptic bluff-body 
stabilized flames have been investigated and hence EPFM has been implemented as 
the standard unsteady NO submodeI. This submodel as with the steady submodels is 
invoked in the post-processing stage. However, the post-processing calculations are 
more involved since time varying calculations have to be performed at both CFD and 
flameIet levels. 
EPFM is motivated by the theoretical and experimental evidence that flamelet 
structure cannot respond instantaneously to changes in scalar dissipation rate. To 
account for these transient effects present in globally steady flames, it is necessary 
that unsteady terms in the flamelet equations are retained and the transient evolution 
of scalar dissipation rate is accounted. Hence, in EPFM, marker particles which 
represent flamelets are introduced into the turbulent flow field and transported 
.throughout the domain. These particles follow the paths along which the scalar 
dissipation rate is changing and thus they can be viewed as carrying the unsteady 
flamelets. The spatial distribution of a particle of type n can be obtained from an 
Eulerian unsteady passive scalar transport equation for the mean number of particles 
per unit volume j. at a particular position in space (Barths et al., 1998a). 
a (-1- ) a (-- 1- ) - a (Pt al. J 
-p +- pu ---
at • fuk k. aXk Se]. fuk 
(5.32) 
The number of particles 1 (x,t) per unit volume represents the probability of finding a 
marker particle at a particular location x and time t. This is set equal to unity at t =0 
within an initialization region and zero outside the region. The initialization region is 
close to the fuel inlet and is defined as Z > Z". This definition ensures that the 
particles are initialized in a fuel rich region where the temperature is Iow enough for 
NO formation to be negligible. If only one particle is considered, the initial 
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probability ~ is set to unity in the initialization region and zero outside the region. If 
more than one particle and hence more than one flamelet history is considered, the 
initialization region remains unchanged but it is divided into number of sub-regions 
corresponding to the different types of marker particles and each sub-region is 
attached to one particle. The initial probability of finding a marker particle is then 
equal to unity in its own sub-region and zero elsewhere. The time dependent CFD 
calculations are run long enough to allow for all the particles to exit from the domain. 
From the solution of the time dependent calculations, distribution of In within the 
domain can be stored as a function of flow time. For a type n marker particle, a 
domain averaged scalar dissipation rate conditioned on stoichiometric mixture 
fraction can then be calculated for each time step as: 
fIp-x- 3/2p(Z )dV' n sf sf 
A V 
X".n = -'-of I-=--------,.1/-=-2 P""'-(-Z-)d-V-' 
nP Xst sf 
(5.33) 
v 
Where V denotes the volume of the computational domain. The average conditional 
scalar dissipation rate X" is related to the unconditional scalar dissipation rate X by: 
Xf(Z,,) (5.34) J 
f/(Z)p(Z)dZ 
o 
This has been derived from the functional dependence of scalar dissipation rate and on 
mixture fraction presented previously in Eq 5.8: 
x = :exp {-2[ er/c- I (2z)T} =: /(Z) 
:.XIX." =/(Z)I /(Z,,) (5.35) 
For turbulent flows, the function/(Z) can be integrated with a presumed PDF for Z in 
the form of ~ function distribution thereby leading to Eq. 5.33. 
Thus, for a marker particle of type n, by computing X".n for each time interval and for 
the entire length of the flow time, transient evolution of scalar dissipation rate is 
obtained. Unsteady flamelet equations are then solved for each time interval by setting 
X".n equal to X in Eq.5.6. Solutions of the unsteady flamelet equations provide the 
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flamelet history or the transient evolution of thermo-chemical structure. Calculations 
of the unsteady flamelet equations require initial solution. In the present study, 
solution of the steady flamelet equations for X". at t =0 is prescribed as the initial 
solution after resetting all the mass fractions of species associated with the NO 
reaction mechanism to zero. 
Upon obtaining the solutions of unsteady flamelet equations for every type of marker 
particles, the mean NO mass fractions at every spatial location in the computational 
domain can be computed from: 
, 
L fI. (I ')1' NO •• (x,I')dl' 
- (-) • 0 YNO X = ""'---'---:,:------ (5.36) 
L fI.(I')dl' 
• 0 
Where 1', .• (x,I') is the Favre averaged NO mass fraction at location x and time I' 
and is calculated through integration of the unsteady flamelet solution weighted by the 
PDF of mixture fraction. 
I 
Y NO .• (x,I') = fYNO .• (x,I')P(Z)dZ (5.37) 
o 
Present study uses only a single marker particle and hence CFD calculations involve 
solving for a single time dependent passive scalar transport equation and the flameIet 
calculations involve solving for a single flamelet history. The current unsteady 
adiabatic NO submodel is referred by SLFM-EPFM. 
5.4.4 Unsteady non-adiabatic NO submodel 
The unsteady non-adiabatic submodel (NADM-EPFM) is in most respects similar to 
the EPFM model discussed in the previous section and follows the same mathematical 
procedure. However, there are a few but key differences. The converged turbulent 
flow and mixing field required for time dependent passive scalar calculations is 
obtained from the solution of non-adiabatic flamelet model with steady enthalpy 
defect imposed non-adiabatic flameIets. 
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While the procedure for generating steady non-adiabatic flamelets with enthalpy 
defect imposed as additional parameter is well in place, it is not so with generating 
unsteady non-adiabatic flamelets. 
Enthalpy defect varies spatially and even with a high degree of automation, it is 
extremely tedious and time consuming to generate transient flame lets for the 
multitude of enthalpy defects encountered in the domain. One could contemplate on 
leveraging the procedure of domain averaging of scalar dissipation rate to enthalpy 
defect. However, it is still ambiguous as to whether or not such an averaging is 
justifiable. Hence, in the present study, the transient evolution of flamelet structure is 
calculated by solving the unsteady flamelet equations with radiation heat loss 
incorporated through a radiation source term instead of enthalpy defect. While this 
approach, as discussed before, is not advisable for steady flamelets, it could be well 
utilized for unsteady flamelets. An accurate yet feasible procedure for enthalpy defect 
imposed transient flamelet calculations is still an 'open problem and future works 
should try addressing it. 
5.5 Flamelet/progress variable approach. 
The FlameletlProgress Variable (FPV) Approach has been developed specifically for 
LES by Pierce (2001) and Pierce and Moin (2004). In the present work, the FPV 
approach has been implemented in both the in-house LES and RANS codes. 
5.5.1 Motivation for FPV 
The FPV approach derives motivation from some of the fundamental problems with 
the steady flamelet model for non-premixed combustion (SLFM). As previously 
. mentioned, one of limitations of the steady flamelet model is its inability to account 
for local extinction and re-ignition phenomena. Causes other than the assumption of 
steady state structure can be understood by studying the Fig. 5.2 where the complete 
locus of solutions of steady flamelet equations is shown. The shape of the curve, 
which is often referred to as "S-shaped curve" ( mirrored "S" in Fig.5.2) in 
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combustion literature is determined primarily by the chemical kinetics. With 
Arrhenius kinetics, there are typically three solution branches: 
1. stable burning branch 
2. unstable branch of partially extinguished states, and 
3. the completely extinguished states 
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Figure 5.2: Locus of Stoichiometric temperature for all the solutions of the steady 
flamelet equations. Generated for the Berkeley lifted flame (section 9.1) conditions: 
Fuel CH4-Air (25%-75%) at 323 K and Oxidizer (v itiated co-flow) at 1355 K. 
The point of maximum flame temperature at scalar dissipation rate equal to zero 
corresponds to the state of chemical equilibrium . An increase in the scalar di ssipation 
rate corresponds to an increase in the mixing of the reactants. Thus, on the stab le 
burning branch, the maximum flame temperature decreases with increase in the scalar 
di ssipation rate due to the dilution of the product concentrations with the increased 
concentration of reactants. As the critical point or when the quenching limit is 
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reached, the fl ame temperature drops to a level where Arrhenius rate factors in the 
chemical kinetics begin to limit the reaction rates . A slight increase in the scalar 
dissipation rate from thereon will result in the complete extinction of the fl amelet. 
However, there ex ists a distinct transition from full y burning to fully extinguished 
state identifi ed by the unstable branch of partially extinguished states (dashed line). 
Along thi s branch, di ss ipation rate decreases with decreasing fl ame temperature to 
keep the mix ing in balance with the lower reaction rates. On the lower branch of 
completely extinguished states, the effect o f chemical kinetics is negligible and the 
chemical states are independent of di ssipation rate. All the chemical states on the 
lower branch thus point to pure mixing of the reactants. 
In SLFM, the sto ichiometric sca lar di ss ipation rate is used to uniquely parameterize 
the fl ame states. However, the S-curve clearl y shows that multiple so lutions can ex ist 
for certain va lues of the sca lar di ssipation rate. Hence, a unique parameteri zation of 
the fl ame states based on scalar d issipation rate cannot take into account a ll the fl ame 
states a long the S-curve. Thus, typica ll y, in SLFM onl y the fl ame states along the 
stable burning branch and extinguished states are considered and the unstable partially 
extinguished fl ame states are ignored. This is illustrated by the di scontinuous jump 
(dotted line) in Fig.5.2. On the other hand, the unstable branch has been shown by 
Pierce (2001 ) to be important both phys ica ll y and from modelling point of view since 
it demarcates the border between ignition and extinction of the fl ame. Absence of 
info rmation regarding the unstable parti ally ex tinguished states thus makes the steady 
flam elet model incomplete and inadequate to handle ignition and ex tinction. 
The Flameletlprogress variable approach addresses thi s concern through the 
replacement of scalar dissipation rate by a fl amelet parameter which is based on 
reaction progress vari able. Introduction of reaction progress vari able offers an 
additional advantage in that the model's applicability can be extended from purely 
non-premixed to partiall y premixed combustion. The conserved scalar mixture 
fraction by itse lf does not contain any intrinsic in fo rmation about the chemical 
reactions and the addition of progress vari able which is a non-conserved scalar results 
in a more comprehensive formulation. 
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5.5.2 FPV formulation 
The FPV approach starts with the introduction of a reactive scalar based tlamelet 
parameter A. which replaces the scalar dissipation rate . The definition of tlamelet 
parameter is dictated by the criterion that the fl amelet parameter should uniquel y 
parameterize all the steady flame let solutions along the S-curve including the unstable 
partia ll y extinguished states. In the work of Pitsch and Ihme (2005) the fl amelet 
parameter has been defined as the reaction progress variable C at Z=Z" where C has 
been defined , following Pierce and Moin (2004), as the linear combination of product 
mass fractions viz. those of CO2, CO, H20 and H2. The eeZ,,) was found to vary 
(decrease) monotonically from equilibrium to complete extinction and hence satisfied 
the fl amelet parameter criterion. 
In the present study, the FPV has been implemented for CH4/Air partially premixed 
fl ame in vitiated co-flow. For this fl ame, the vitiated co-flow, which is also the 
oxidizer, has significant leve ls of H20 and H 2. Hence, with a view to keep the 
progress variable definition simple and avoid any necessi ty for normalization, a linear 
combination of only CO2 and CO mass fractions has been chosen for the present 
study. The progress variable is thus given by: 
c = Yeo, +Yeo (5.38) 
With this definition of progress variable, variation of eeZ,/) along all the flame states 
(Fig. 5.3a) has been ana lysed. It has been found that a lthough the overall va riation is 
monotonic, a careful observation of the region in the near prox imity to equilibrium 
state shows the existence of saddle points (Fig. S.3b). These saddle points prevent a 
unique parameterization and hence need to be removed from the so lution space if 
eeZ,/) were to be used as flamelet parameter. However, thi s problem vanishes if the 
maximum value of progress variab le Cmax is used as the definition of flamelet 
parameter. The variation of c'nax as shown in Fig 5.3a&b is trul y monotonic along the 
entire so lution space. Hence, in the present stud y, the fl amelet parameter A. is defined 
by Cmax . An example for a specific maximum progress variable is shown in Fig. 5.4. 
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Figure 5.3: Variation in parameterization of flamelets (a) along the entire solution 
space and (b) c lose to the equilibrium state with two different definitions of flamelet 
parameter. Generated fo r the Berkeley lifted flame (section 9. 1) conditions. 
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Figure 5.4 : Reaction progress variable distribution within a flamelet and the 
definition of fl amelet parameter. Generated for the Berkeley li ft ed fl ame (Section 9. 1) 
conditions. 
Any loca l combination of mixture frac tion and progress variab le corresponding to that 
fl amelet is described by the fl amelet parameter indicated in the Fig 5.4. Thi s implies 
that the value of the fl amelet parameter }. is a given va lue fo r a given fl ame let and 
therefore independent of the mixture fraction. Thi s is of grea t advantage in turbulent 
reacting flows because it si mpli fies the modell ing of joint POF of Z and A. The steady 
fl amelet so l utions can then be expressed in terms of the fl ame let parame ter as: 
(5.39) 
Application to LES 
Filtered values of the reactive scalars ~ in large eddy simulation can be determined 
fro m: 
1 ,_ 
~ = f f ifi (Z,A)P(Z,A;X,I)dAdZ (5 .40) 
o ). .. 1. 
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Where P(Z,A; x,/ ) is the Favre filtered joint PDF and the integration limits Amin and 
Amax correspond to the steady flam elet so lution for Xsl-+0 and Xsl-+oo, respectively. In 
the present study, a presumed PDF method has been adopted and the fact that A is 
independent of Z augurs we ll fo r the modelling as the joint fi ltered PDF can be 
expressed as the product of margi nal Favre fi ltered PDF (FPD F) of Z and A: 
P(Z,A;X, I) = P(Z)P(A) (5.4 1) 
There is eno ugh ev idence which suggests that the PDF for a passive sca lar such as 
mixture fraction can be reasonably approximated by a P function (Peters, 1984). 
However, it is well known that the PDF of a reactive sca lar such as the flamelet 
parameter o r reaction progress variable cannot be approximated by presumed 
distributions. Neverthe less, presumed PDF approach fo rms the starting point for the 
development of more complex fo rmulations. 
A & functi on has been assumed for the marginal FPDF of flam elet pa rameter in the 
works of Pierce and Moin (2004) and Pitsch and lhme (2005). On the other hand, 
Ihme el al. (2005) in an a priori study with DNS data have shown that an FPDF based 
on P funct io n distribution provides better prediction capabili ty . Also, Brad ley el 
al.( 1990) ach ieved successful predicti ons in a turbulent li fted jet flame using a P 
funct ion distri bution for reaction progress variable in their mixedness-reactedness 
model. 
As will be shown in the sections to follow, the P func ti on based FPDF signifi cantl y 
increases the complex ity o f the fo rmulation and can lead to appreciable penalties in 
the computational cost of large eddy simulations . In the present study, both the & 
function and P function based FPY formulations have been implemented in LES and 
the extent of sca le up in accuracy of predictions with the ri se in computational time 
has been investigated . 
FPV /) function model 
In thi s model, the modelled form of joint FPDF is given by: 
P(Z ,A; x,l) = fl( Z;2 , Z· , )&( A -~) (5.42) 
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Hence, the filtered scalar equation reads: 
I ).",,,,, 
~ = f f ~(Z, A)p(Z;t, Z" ] ) 8(A-~)dAdZ 
o ).""~ 
(SA3) 
The j3 function can be eva luated from the knowledge of filtered mixture fraction t 
and its subgrid variance Z'" by fo llowing the definition presented in Eqs.S. II-S. 13. 
The filtered mixture fraction t is known from the so lution of its transport equation 
(EqA.S8) while the filtered variance Z'" is modelled using Eq . 5.20. The ~ represents 
the loca l fl ame let parameter in the turbulent reacting flow. Since there is no direct 
method of determining filtered flamelet parameter in LES, its handling is less 
straightforwa rd and the suggested approach of Pierce and Moin (2004) and Pitsch and 
Ihme (200S) is discussed here. 
In the FPV approach, an additional transport equation for filtered reaction progress 
variable C is so lved in CFD with the filtered reaction source term <1, ca lculated from 
the chemical states predicted by the steady flamelet equations. 
a (-c-) a (-- C- ) _ a (( fI p,) ac ) -7 
- P +- pu, - - - +- - +{X!J, 
al Ox, Ox, Se Se, Ox, (S A4) 
I} ...... 
<1, = f f oo, ( Z,A)j3( Z;t, Z"1 )8(A-~)dAdZ 
o ""'M 
(SAS) 
Where 00, is the laminar source term obtained from the solution of flamelet equations 
by summing the rate of production of the chemical species CO2 and CO. The laminar 
and turbulent Schmidt numbers take va lues of 0 .7 and 004 respectively . 
On the other hand , the so lutions C = C (Z; A) of the steady fl ame let equations provide 
additiona l means of determining the filtered reaction progress variab le : 
1 h."" 
CV' = f f C (Z, A)j3(Z;t,Z'] )8(A-~)dAdZ 
o l.",~ 
(5046) 
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Where the subscript '"fe' is used to differentiate the filtered progress variable 
determined from stead y flam elet equations to that obtained fro m the transport 
equation (Eq. 5.44). 
For the FPV approach to be consistent, it is necessary that Eqs 5.44 and 5.46 are 
consistent with each other i.e: 
(5 .47) 
The constraint equation (Eq. 5.47) eliminates the need fo r direct computation of the 
filtered fl amelet parameter 5:. in LES. In principle, 5:. can be obtained by an iterative 
procedure by varying its value unti l the constraint is sati sfi ed. In the present study, 
FPV is implemented in the numerica l code through a look-up-table concept. The 
fil tered scalars determined from Eq.5.43 are first tabulated as a function ofZ ,Z'" 
and 5:.. The filtered sca lars include the reacti on progress variable C.if, as we ll. This 
table could then be used in LES. With in each computational cell in LES, A. would 
have to be computed from the constraint equation (Eq. 5.47) through an iterative 
procedure. 
However, for computational efficiency a diffe rent approach is fo llowed in the present 
study. The look-up-table initiall y generated in A. space is re-interpolated to progress 
variable space by replacing 5:. with C . The re-interpolation process has been di scussed 
in section 7. 1.5. The re-interpo lated look-up-table then provides the filtered sca lars as 
functi on of quantiti es which are readil y avai lable fro m LES (namely, Z ,Z·2 and C). 
FPV P function model 
The FPV P function model is an extens ion of the 0 fu nction mode l. [n th is model, the 
modelled form of joint FPDF is given by: 
(5.49) 
- 79-
Combustion Models 
And the filtered values of the sca lars are determined from : 
I l""", 
i= f f ~ ( Z,1. ) p(Z ; i,Z' 2 )p(1.; ~, 1.'2)dAdZ 
o }."J" 
(5.50) 
The inductio n of second moment of fl amelet parameter 1..2 brings additional 
complex ity to the Fry ~ function model. Evaluation of the filtered sca lar now 
requires knowledge of not only the mean but also the variance of fl amelet parameter. 
[n the Fry I) function model, it has been shown that a constraint equation can be 
derived by equating the filtered reacti on progress variab le C obta ined from CFO to 
that obtained from the so lutions of steady fl amelet equat ions C.", . An iterative 
procedure could then be used to obtain ~ and thus e lim inate the need to model ~ in 
CFO. [n the present study, this approach has been extended to the variance of 
fl amelet parameter ".2 and the need to model 1..2 in LES has been circumvented. 
With the Fry ~ fu nction model, the filtered mean and variance of progress variable 
C and C,,2 are computed in CFD. The filtered mean progress variable C is obtained 
from the so lution of transport equation (Eq. 5.44). Sim ilarly, the sub-grid sca le 
variance C ,,2 can be determined from the solution of its transport equat ion: 
a (-C'2) 0 (- - c.2)- a (( Jl p , JOC'2 ] 
- P +- pu, - - +---
0' Ox, ox, Sc Se, ox, 
2 p , (OC oC J 2 - C"·" - ---;; + - -- - P Ol - PI Sc, Ox, ox, c c 
(5.5 1 ) 
[n the above equation, the subgrid sca lar fluxes have been modelled using the gradient 
diffus ion hypothesis. The turbulent viscos ity p, can be obtained from the 
Smagorinsky eddy viscos ity model. On the ri ght hand side of the equation, the second 
and last term s represent the producti on and dissipation terms respectively. The 
penultimate term is the fi ltered covariance term and represents the correl ation between 
progress variab le and chemical source term. 
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However, computing C" from its transport equation would mean further stretching 
of the LES computational time which is already higher in FPY as compared to the 
SLFM due to the additional equation for C, A computationall y effi cient alternative 
similar to that adopted for mi xture fraction variance is to model the progress variable 
vari ance, The mode ll ing approach has been adopted in the present study as it is best 
suited for the currently available computational resources, The model for sub-grid 
sca le progress variable variance has been derived (Ihme and Pitsch, 2005) from the 
vari ance transport equation by assuming that the production, dissipation and 
covariance terms are in equilibrium , i,e 
2 f.1, (ac ac) 2 - C' ' • -" - 0 - - - - p co, - PX, -
Se" , ax, ax, 
(5,52) 
The subgrid dissipation rate of the progress va ri ab le X; can be written as: 
(5 ,53) 
The dissipation rate of the progress variable Xc is related to the diss ipation rate of 
mi xture fraction X or X. (for clarity) by the time sca le rati o y, 
(5,54) 
Using the relations in Eq,5,53 and Eq , 5,54, the unknown Xc can be replaced fro m 
Eq,5,52 thereby resulting in the following model equation for subgrid scale variance: 
(5 ,55) 
In the present study, the time scale ratio has been set to unity, An advanced method of 
handling the time sca le ratio has been recently proposed by Cha and Trouillet (2006) , 
However, implementati on of such a method is beyond the scope of the present study, 
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The covariance term in the variance model equation is obtained computed from the 
so lutions of the steady fl amelet equations: 
1 J._< 
C'<il;= f f (C (Z , A)- e", )(<ilc (Z , A)-ciic4, )P(Z;i, Z "' )P(A; ~, A" ' )dAdZ (5.56) 
.'-
[n the above equat ion, the mean values of the progress vari able e.'f' and chemical 
source term ciic4 , are evaluated from the so lutions of the steady flame let equations 
using Eq. 5.50. Thus, the subgrid variance of progress variable can be determined in 
addition to its filtered first moment in LES. 
On the other hand, integration of so lutions from steady fl ame let equations prov ide 
different means of computing mean and variance of progrcss variable: 
"_ 
e", = f f C ( Z;A)P(Z ; i,Z" )P(A;~,A" ' )dAdZ (5.57) 
o ) .... 
I , 
C'., = (J( C(Z;A)-e"S p( Z; i ,z'" )p( A;~, A'" )dAdZ 
o A ... 
(5.58) 
For the FPY ~ function model to be consistent, 
(5.59) 
Here again the subscript 'sle' di ffe rentiates the va lues calculated from the steady 
flame let equations to those obtained from CFD. The above set of equations define the 
two constraints which could be used to obtain ~ and A" . 
With the FPY ~ function model, filtered scalars determined from Eq.5.50 are first 
tabulated as function ofi ,Z"' , ~ and A". Thus generated look-up-table in A space 
is re-interpolated to progress variable space by replac ing ~ with e and A" with 
C ,, ' . The re-interpolation procedure which has been used is presented in section 
7.1.5. The final re-interpolated filt ered look-up-table then provides the filtered scalars 
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as function of quantities which are readily ava ilable from LES (namely, 2 , 2'" , C and 
fJ = fJ( 2,2" ,c,e'), t = t( 2,Z" ,c,e'), Y, = Y, (2,2" ,C,C"), 
c1 = c1 (2 Z" c ~) and C'OO' = C'OO' (2 Z" c C") c · " eel " (5.60) 
The FrV ~ function model in comparison to 0 function model is more challenging 
from both formulation and computational perspectives. From computational point of 
view, the FrV ~ function model demands a 40 look-up-table while the 0 function 
model requires only a 3D table . Further with the ~ function model , re-interpolation of 
the look-up-table from flame let parameter space to progress variable space invo lves 
handling 20 scattered data which is by no means a tri vial task. The 0 function model 
on the other hand requires handling onl y s ingle dimensional arrays and hence the re-
interpolation task is relati vely easier. 
Application to RANS 
Both the FrV -0 function model and ~ function model have been implemented in the 
in-house RANS code with the capability of performing calculations using look-up-
tables. The fo rmulation of Frv models which has been explained in the context of 
LES holds good for RANS as well. [n fact, a look-up-table generated for a particular 
Frv model for specific flame conditions could be employed in both LES and RANS 
for that particular model without any change. [n LES, the pre-integrated scalar values 
in the look-up-table are read as Favre filtered values wh ile the same are read as Favre 
averaged values in RANS . 
For the FrV-o function model in RANS , simi lar to LES, a transport equation for mean 
mixture (Eq. 5.14) is solved. For the variance of mixture fraction, its transport 
equation (Eq. 5.15) is so lved instead of modelling. A transport equation for mean 
reaction progress variable is solved and its form is identical to Eq. 5.43 . Thus, 
obtained mean values are used to extract mean density and sca lar values from the 3D 
look-up-tables spec ificall y generated for FrV - 0 functi on model. 
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For the FPY -p function model , similar to the 0 function model transport equations are 
solved for mean mixture fraction, its variance and mean reaction progress variable. 
Additionally, transport equation is also so lved for the variance of reaction progress 
variable which is mode lled in the case ofLES. The transport equation for the variance 
of reaction progress variable is ident ical to Eq. 5.5 1 except that the last term which 
now represents a mean scalar di ss ipation rate in RANS, is modelled using Eq.5.16 . 
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Numerical Approach 
One of the benefits of the present work is that it faci li tated enhancement in the 
sophistication of the in-house LES and RANS numerica l codes through the 
implementat ion of the advanced mathematical models describing turbu lent 
combustion and computationally efficient procedures which are required to handle 
the advanced models. The in-house LES code PUFFIN was originally developed by 
Kirkpatrick (2002) and Kirkpatri ck e/ al. (2003) whi le the development of the RANS 
code is due to Mala lasekera (1988) and Hossain ( 1999). 
Both these computational codes are very similar as far as their foundation is 
concerned since in both cases the spatia l discretisation is based on a control volume 
formulation on a staggered, non-uniform, Cartesian grid . However, the LES code 
handles 3D grids while the current capability and requirement of the RANS code is 
restricted to 20 grids. In add ition, the computations in LES require marching in time 
while the calculat ions with RANS are essentiall y steady. An optimum balance of 
computational speed, accuracy and numerical stability is thus of paramount 
importance in LES and hence the discretisation schemes and equation so lvers adopted 
by the LES numerical framework are more advanced in comparison to their RANS 
counterparts. 
In the present chapter, a brief description of the finite-volume method which applies 
to both the computational codes has been presented in section 6. 1. Detai ls of the 
numerical framework of the LES code has been di scussed in section 6.2. Present work 
contributed to the combustion modelling capability of the LES code through the 
implementation of steady fl amelet model and models based on FlameletJprogress 
variable approach, both based on look-up-table concept. The working procedure for 
each of these models has been included in the subsections. In section 6.3, the 
numerical framework of RANS computational code has been presented. Ln the RANS 
computational code, the turbulence modelling capability has been enhanced by the 
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addition of a Reynolds stress transport model to the ex ist ing k-€ model. Combustion 
models, namely the steady flamelet model, non-adiabatic flamelet model, and models 
based on fl ame let progress variab le approach all of which based on look-up-table 
concept have been implemented. In addition, steady and unsteady flamelets based NO 
submodels have been integrated with the combustion models. The so lut ion procedure 
for combustion ca lculations carri ed out wi th these combustion models in conjunction 
with both the avai lable turbu lence models has been presented. 
6.1 Finite-volume method 
The finite-volume discretisation involves dividing the continuous domain into discrete 
ce ll s or finite volumes. The governing equations for turbulent reacting fl ows are the 
nwnerically integrated over each volume resulting in a set of simultaneous algebraic 
equations, whose solution is an approx imat ion to the solution of the continuolls 
equations at a set of d iscrete points or nodes. Each ce ll or finite volume constitutes 
one node and the solution computed for each node is considered representative of the 
solution within the cell. 
Fig .6. 1 shows the relative placement of the nodes for sca lars, !I and v velocity 
components in the staggered grid. Ex tension to three dimensions uses the same 
structure in the z directi on with the addition of \11 ve locity component. All the sca lar 
vari ables including pressure are evaluated at the node of a sca lar ce ll , example P. The 
ve loc ity components are evaluated on the staggered grid points which lie at the 
centroid of the scalar ce ll faces. Staggering of the veloci ty avo ids physica lly non-
realisti c predictions fo r osc illating pressure fields. Also, since the veloci ties are 
generated at sca lar ce ll faces , it has the added advantage of avoid ing interpolation of 
veloc ities for sca lar transport computations. 
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Figure 6.1 Staggered grid and node placement in two dimensions. C ircles indicate 
scalar nodes. horizontal arrows indicate nodes of the 11 velocity component and 
vertical arrows indicate the v ve locity component. Examples of a u. v and sca lar cell 
are highlighted. 
The Favre averaged or filtered governing equations which have been presented for the 
turbulent reacting flows in the previous chapters are all in a similar form and hence 
may be represented by a generi c transport equation 
(6.1 ) 
Here rj; represents any variab le. r. is the di ffus ion coefficient and S. is a source 
term. 
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Integrating the generic equation (Eq. 6. 1) over a control volume V bounded by a 
sur face S and employing the Gauss divergence theorem to convert volume integrals 
into surface integrals yields the following form: 
(6 .2) 
The differential surface area vector dS has a magnitude equal to the area of the surface 
element and direction corresponding to the di rection of the outward normal to the 
element. In Eg. 6.2, the time deri vative corresponds to the change of a variable within 
a contro l vo lume with respect to time. The second term on the left hand side 
corresponds to the convecti ve flux and the diffusive flux is given by the first term on 
ri ght hand side. The last term corresponds to the generation or destruction of the 
variable rp within the control volume. Spatial discretisation involves approxi mating 
the volume and surface integrals in thi s equation and applying the ap prox imation to 
each cell to obta in a set of simultaneous algebraic equations in rp. 
In Fig. 6. 1, an example of a scalar cell P for which the integrals are to be calculated 
and its neighbours ( indicated by E, W, N, S) and one level away from neighbours 
(indicated by EE, WW, NN and SS) have been shown in two dimensional space. 
Ex tension of thi s structure to three dimens ions has been shown in Fig. 6.2. The 
labelling of the neighbours uses the following convention: East (E), North (N) and Up 
(U) correspond to the positive x, y and z directions respectively and West (W), South 
(S), and Down (0) to the negati ve x, y and z directions. The small letter e, n, W, S etc 
refer to the points at the centroid of the respective ce ll faces. In the fo llowing sections, 
nb is used as a generi c subscript for neighbouring cells. To simplify the notation, the 
form ulation of fluxes is given for a particular face such as the east or north face and 
all results can be applied in a similar manner to other faces. 
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Figu re 6.2: A finite volume cell and its neighbours in three dimensions 
6.2 Spatial discretisation in LES 
6.2.1 Unsteady term 
The unsteady term in the governing equation is di scretized uS1l1g a second order 
I 
accurate central-di fferencing approx imation for the time derivative at n + - : 
2 
(6.3) 
Where n is the time level. Superscript n indicates that the va lue is taken at the start of 
the current time step, while n+ I indicates the end of the time step. 
6.2.2 Convection term 
The convecti ve flux across a cell face (example, east face) is given by : 
(6 .4) 
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Where the velocity component ii is normal to the cell face and t.A is the area oftbe 
face. Linear interpolation is adopted to find ~ at the centroid of the cell face . 
(6 .5) 
Where the weighting fac tor for the interpo lation is given by: 
(6.6) 
t.xp, and t.x,." are the linear distances between node P to the east face centro id e and 
the east neighbour node E, as shown in the two dimensional view of the finite vo lume 
cell in Fig. 6. 1. Due to the staggering of the grid, eva luat ion of convective ve locity Ue 
and density Pc at the face of the ce ll depend on whether the variable ~ is a scalar or a 
ve locity component. If the variable is a scalar, the convective ve locity Ue is found 
directly, since a node for the 1.1 velocity component is present at the face centroid . 
However, density must be interpolated using linear interpolation si milar to Eq. 6.5: 
(6.7) 
Wben the variable is a velocity component, the situation is exactl y opposite in that a 
node for the sca lar is present at the centroid of the face and hence the density can be 
directly found while convective veloci ty is obta ined through linea r interpolation. The 
resulting formulation is a second-order centred scheme for the convective fluxes, 
F, = ( piiM )J(I -e ) 'p"+e~, J 
=c, [(I - e)~p +e~, J (6.8) 
As wi ll be shown later, C, = (piit.A), represents the contribution of the convective 
flux across the east face to the co-efficients in the final di screti zed equation for ~ (Eq . 
6.20).This scheme based on linear interpolation to calculate va lues of vari ables at the 
faces of fini te vo lumes, is equiva lent to a second-order central difference scheme in a 
finite difference formulation . The central di fference schemes are relatively free of 
numerical damping as compared to non-centred schemes. This is highl y desirable in 
LES, as numerical damping acts as an extra unquantified contribution to the eddy 
viscosity and contaminates the effects of the subgrid scale mode l. However, the 
downside of centred schemes is that in convection dominated flows , they fail to 
recognise the direction of the flow or strength of convection relative to diffusion as 
under thi s scheme va lue at central node of control vo lume is influenced by all the 
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neighbouring nodes. Thus, they tend to gIve so lutions containing non-physical 
oscillati ons or 'wiggles ' in the areas of the now field containing sharp gradients and 
can on ly be rectified through grid refinement . The ratio of the strength of convection 
to di ffusion in a ce ll is defined as the cell Peelet number, Pe. 
Pe =~ 
r / fu- (6.9) 
It has been found by Patankar (1980) that the central di ffe rence scheme provides 
realistic solutions as long as ce ll Peel et num ber Pe < 2. However, LES deals with 
unsteady calculat ions for which this stabi li ty limit is by no means binding and it is 
possible for the so lution to remain oscillation-free ove r the period of simulation at 
even Pe > 2. In LES, the damping introduced by the model fo r SGS stresses also 
helps to reduce the oscillations. 
In turbulent reacting flows, the scalars (usua ll y the mixture fraction and/or progress 
variable) are coupled wi th the ve locity field through densi ty and the wiggles which 
result from the use of central difference scheme for the scalar convecti ve terms cause 
problems with the numeri ca l stab ility of the overall so lution scheme. Furthermore, 
wiggles may result in unphysical results such as mixture fractio n outside the 
physically rea li sti c range of 0 to I. As mentioned before, grid refinement can help in 
address ing the problem. However, the structured Cartesian gr id system used in the 
present study does not allow for loca li zed grid refinement and hence an increase in the 
number of ce ll s D.nx in one co-ord inate direction means, the total number of ce ll s in 
the domain is increased to !1n, (nyn,). Computational times with LES ri se steeply with 
the rise in the grid density and hence grid refinement is limited by the available 
computationa l resources. For thi s reason, the convective terms for the scalar equations 
are di screti sed using the non-centred schemes of Leonard, QUICK (1979) and 
SHARP ( 1987). 
QUICK is a third-order upwind scheme which reduces numerical osc illations by 
introducing fou rth-order diss ipation. In thi s scheme, the value of the variab le I/J at cell 
face is computed through a quadratic interpolation: 
(6. 10) 
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Where the we ighting factor fJ is calculated using Eq.6.6. The fi rst term in the above 
equation correspond to the linear interpolation used in the standard second-order 
central diffe rence scheme. The second term is an upwind- biased curvature term with 
(6. 11 ) 
The curvature term makes the overall interpolation quadratic . Substitution of Eq .6. 10 
in Eq .6.8 gives the convecti ve flux of a variable ifi across the east face as: 
F, = (puM ), [((I -fJ ) ~ +fJ4 )- i CRV x L'>x/ ] 
= C, [( (1 -8 )i p +8~, ) + SQUlCK ] 
(6. 12) 
As the equat ion fo r SQUICK includes values of ifi at the next level of neighbours (EE, 
WW etc in Fig. 6. 1), thi s term is included in the equation as part of the source term S; . 
While QUICK reduces wiggles, it may not do so completely and the SHARP scheme 
is employed to recti fy the still ex isting osc illations. The SHARP scheme is a 
modification of QU ICK which introduces second-order di ffus ion where local 
condi tions are conducive to oscillations, thereby ensuring that the solution remains 
monotonic. Finally, summing the convective fluxes over all faces of the control 
vo lume gives an express ion for the discrete convective operator: 
(6 .1 3) 
6.2.3 Diffusion term 
The di ffus ive flux for a vari able ifi across a cell face/ is given by 
(6. 14) 
Where Xk is in the direction perpendicular to the face of the ce ll. 
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Discretizing the gradient of the variable gives the flux across the east ce ll face as : 
F =(r M) (a~) =(r M) (~£ -~, ) 
"iff. ; ' Ox ;, !;x . 
c h 
(6.1 5) 
F,'iff. = D, (4 -~, ) 
Where D, = (r;M)/ !lxE is the diffusive flux contribution for the east face to the 
coefficients in the final di sc reti sed transport equation (Eq.6.20). The diffusion 
coefficient at the centre of the face f ; is calculated by linear interpolation in the same 
manner as density in the computation of the convective fluxes . Summing the diffusive 
fluxes across all the faces of the control volume gives the fo llowing expression for the 
di screte diffusive operator, 
Jr. ~dS, '" LDf (~'h -~, ) 
s Ox, 
(6. 16) 
Unlike the convecti ve term, the discrete diffusion term does not suffer from numerical 
stability and hence is used in thi s form for both momentum and scalars. 
6.2.4 Source term 
Source terms in the governing equations vary according to the vari ab le that is being 
transported . For momentum , source terms represent the effects of pressure gradient 
and body forces if any. A reaction progress variab le is associated with a chemical 
source term . The source term for the second moment of a reaction progress variable 
includes the contributions of production, di ssipation and the correlation between the 
progress variable and the rate of chemical reaction. For enthalpy in the non-adiabatic 
flows, radiation heat exchange is treated as a source term. All the source terms 
encountered in the di ffe rent transport equations are treated in a similar manner for the 
purposes of spatial integration. Calculation of the source term involves evaluating the 
function representing the source term S; at the node and multiplying by the volume 
of the cell t. V : 
Js; dV '" S;pt.V (6. 17) 
v 
Gradients in the function are calculated using second-order central difference scheme 
while interpolations employ a linear pro file ana logous to that used for convective and 
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diffusive fluxes . A general source term is written In a linearized fo rm as a 
combination of an implicit S,mp and explicit Se", component: 
(6. 18) 
The implicit component is integrated using an implici t time stepping scheme while the 
explicit component is integrated in time using an explicit scheme. Time advancement 
schemes are di scussed in section 6.3. 
6.2.5 Complete discretised equation 
The complete discreti sed transport equation for a generic variable <P is given by: 
(6. 19) 
+ f - - 1(1I - I,n,II+) + f - 1(11 - 2,11- 1.11.11+1) 
lS,mp rP p lSc.tp 
Here the curl y brackets { } with superscripts (n-2, n-l , .... ) represent the weighted 
average of the term eva luated at the li sted time leve ls, which gives an est imate of the 
term at (n+~) leve l. The weightings for each time level depend upon the time 
advancement scheme, as di scussed in section 6.3 . Collecting coe ffi cients, the final 
form of the complete di scretized transport equation is given by: 
11+1],11+1 = ~ ( 11+1;;: 1I+1)+S ;;' 11+1 +S,,+I 
0 1' '11' L..J a llb Y$,b Imp V'iJ I!.Xp 
" b 
[" ( ,,;, n) ";,,, s ;,,, +S" ] + L.J Cillb % b - Cl P'f1' + Imp'ft> up 
"b (6.20) 
+ [ " ( "-';'''-')- "-';'''-' +s ;,,,-, +S"-'] L..J Glib % h Cl p 'f1' Imp'l1' e.:rp 
,,' 
+ [ " ( ,,-2 ;' ,,-2 )_a,,-2;' ,,-2 +S"-2 ] L..J Clllb Y1,b P 'f1' cxp 
"b 
Where the coefficients corresponding to the node of evaluation ap and its neighbours 
a"b are fo rmed fro m the convecti ve and di ffusive fluxes Cj's and Dj's res pectively. 
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6.3 Time advancement in LES 
In LES, unsteady calculati ons are adopted for even the statis tica ll y steady flows and 
hence the spatiall y d iscretized govern ing equations need to be integrated in time. In 
this section, the time integration schemes employed fo r the momentum and sca lar 
equations are di scussed. 
6.3.1 Tillle integration of scalar equations 
In the present study, time integration o f the sca lar equations is acco mpli shed through 
Crank-Nico lson scheme. The time integrated transport equation for a scalar r/I reads: 
(p~r~~(p~r 6V = -H /-1"+' (~"+') + H" (~ ,, )] 
+ ~[ 1:>+' (~"+') + C (~,,)] 
+ ~[sn+' ;;; "+ ' +S" (;;; ,, )] 2 Imp If' Imp Y' 
+ H S;';'~ '>+' + S;'p (~ ,, )] 
Here, /-I represents the di screte convective term 
L is the di screte diffus ive term , 
(6.2 1) 
(6.22) 
(6.23) 
and S'mp~ and S.,p are the discrete implicit and explicit source terms respecti ve ly. 
Each term is evaluated at the nand n+ I time leve ls and a linear interpo lati on is used 
to estimate the value of the term at the n + ~ time leve l. The scheme is thus second 
2 
order accurate in time. At least two iterati ons of the sca lar equations per time step are 
required due to contributions of terms containing ~"+ ' to the explicit source term 
which resu lt fro m the use of the QU ICK and SHARP spatia l di screti sation schemes. 
In turbulent reacting fl ows, variation in density and di ffusivity with respect to time 
can be quite steep and adequate number of outer iterations of the entire time-
advancement scheme per time step is required to ensure second-order accuracy and 
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stability of the solution. The criterion for the Crank-Nicolson scheme to remain non-
oscillatory is given by: 
(6.24) 
While thi s criterion poses a rather stringent limitation on the improvement that could 
be achieved on spati al accuracy, it results from an error term in the Taylor seri es 
expansion which contains the second derivative in space o'~/ (ox)' . Typically, thi s 
term remains relatively small in most fl ow problems and the scheme remains stable 
fo r considerably larger time steps. 
6.3.2 Time integration of momentum equations 
The momentum equations are advanced in time using either Crank-Nico lson scheme 
or the second- and third-order hybrid Adams schemes (Kirkpatrick, 2002). In the 
hybrid schemes, Adams Bashforth methods are used fo r the convective terms and 
Adams-Moulton methods are used fo r the di ffus ive terms. The di scretised momentum 
equations with Crank-Nicolson scheme based time advancement are given by: 
P"+l ij"~ (pu)" ~ V = -H H"+I (u') + /-I " (u,,)] 
+ H E>+I (u') + L" (li" )] 
I [S,,+I-' S" (-,, )] + '2 Inlp ll + IIIIP U 
+ .!.. [S,>+I-,,+I + S" (-,, )] 2 e.r.p ll exp ll 
G 11- 1 2 - P 
(6.25) 
This equati on has a form similar to the discretized sca lar equation (Eq 6.2 1) except fo r 
the addition of a pressure gradient term Gp"-' ' . This term is evaluated at 11- 112 time 
level as di ctated by the pressure correction scheme discussed in section 6.4. The 
ve locities calculated at n+ 1 time level are wri tten with superscript • to indicate that 
the values correspond to an approx imate solution which is obtained prior to pressure 
correction step. 
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The convection terms in the momentum equations are non-linear and hence require an 
iterative procedure with the Crank-Nicolson scheme to retain second order accuracy. 
This prob lem is overcome in the present code by employing second- and third-order 
hybrid schemes in which the non-linear convective terms are treated exp li citly using 
an Adams-Bashforth Scheme whi le the diffusion terms are treated implicitl y using 
Adams-Moulton. Explicit contribut ions of the source terms are as well treated 
explicitly with Adams-Bashforth. 
The di screti zed momentum equations subjected to the second-order Adams-
Bashforthl Adams-Moulton scheme take the form : 
Ir'ii'~ (pii)" b.v = -H 3H"" (ii") - !-/"-' (ir' )] 
+ ~ [ t '" ( ii' ) + t' ( zi" ) ] 
I [S"" - ' s" ( -" )] +"2 Imp u + Imp II 
+ ~ [ 3S~;' ii" - S~~' ( ii"-' ) ] 
G 11- 1 2 - P 
(6 .26) 
and the app lication of third-order Adams/BashforthlAdams-Moulton scheme results 
111 , 
p''''i/ ~ (pu)" t. V = _ I ~ [ 23H" ( ii") - 16H"-' ( u"-' ) + 5H"-' ( u"-' )] 
+ I ~ [5t'" (ii') + st' (ii") - t '-' (ii"-')] 
I [5S"" - ' SS" ( - ,,) S"-' ( -"-' )] +12 IlIIpU + IlIIp U - Imp U (6.27) 
Since the non-linear convecti ve terms are calculated from the known va lues at 
previous time steps, no iteration is required to maintain the accuracy of the scheme for 
these terms. However, as with the scalars, the vari ation in density and di ffus ivity in 
reacting flows, demand iteration of the overall so lution procedure so that the correct 
value of density p'''' is included in the unsteady term and the correct va lue of r'''' in 
the diff usion term. 
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The fact that the convective terms are calculated from previous time steps means that 
specia l treatment is required for initial steps when no in fo rmation about previous time 
steps is available. To this end , a ' kick-start ' procedu re is adopted in which Crank-
Nicolson scheme is used fo r the injtial time steps to enable the ca lculation of the n- I 
and n-2 source terms fo r the Adams schemes. 
6.4 Pressure correction in LES 
The coupled system for incompressible reacting fl ow is solved using a fractional step 
method based on the pressure correction method of Van Kan ( 1986) and Bell and 
Colella (1989). This version of the frac tional step method was found to be the fastest 
of the methods tested by Annfield and Street (2002). According to this approach, 
momentum equations are first integrated to give an approx imate so lution for the 
ve loc ity fi eld u' . Mass conservation is then enfo rced through a pressure correction 
step in which approx imate ve locity fi e ld is projected onto a subspace of di vergence-
free velocity fie lds. The projection is achieved by solving a Poisson equation for the 
pressure correction p' in which the source term is the mass conservation error in each 
ce ll , 
0' p' 
/',.1 2 (ox, ) 
The pressure correction is then used to correct the veloci ty fie ld, 
and the pressure fi eld, 
,,+1 • op' 
11, = u, -/',.I -
ox, 
(6.28) 
(6.29) 
(6.30) 
The pressure correction equation is di screti sed in a manner analogous to the 
di screti sation of transport equations. In tegrating the pressure correction equation over 
a fi nite volume cell s and applying the Gauss divergence theorem yields, 
(6.3 1 ) 
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IS calculated through a central difference 
approximation to be consistent with the discretisation of pressw'e gradient term in the 
momentWl1 equations. Such a consistency ensures minimum error in projection. 
6.5 Solution of LES equations 
The discrete governing equations presented in the previous sections are solved using a 
linear equation so lver. A Bi-conjugate Gradient Stabilized (BiCGStab) solver with a 
Modified Strongly Implicit (MSI) preconditioner has been employed in the present 
study due to its abili ty to hand le st iff set of equations efficientl y. The BiCGStab 
solver is also employed fo r the pressure correction equations. 
Convergence of the so lver is measure using the L2 norm of the residual. The 
convergence criterion for the so lution of momentum and sca lar equations is that the 
residual be less than 10. 1°. Typically, one or two sweeps of the so lver are required to 
obtain this leve l of convergence. At each time step, a number of iterations of the 
pressure/velocity correction step are carried out to ensure adequate mass conservation. 
Within each iteration, the pressure correction equation is so lved until either the 
residual is reduced to 10% of its original va lue or the BiCGStab so lver has performed 
7 sweeps. Each sweep of the so lver includes 2 sweeps of the preconditioner. The 
so lution is then used to correct the pressure and velocity fields and the divergence of 
the corrected velocity field is calculated. The process is repeated until the L2 norm of 
the divergence error is less than pre-set value. Typically, 6 to 8 projections are 
required to attain the minimwl1 divergence error. 
6.5.1 Overall solution procedure for reacting flows 
For incompressible reacting flows which are the focus of the present study, the overall 
so lution procedure for each time step fo llows an approach that has been implemented 
by Ranga Dinesh (2007) in the context of a single flamelet based steady flamelet 
combustion mode l. In the present work , the combustion modelling capability in LES 
has been enhanced by incorporat ing a comprehensive steady flamelet model which 
can handle multiple fl amelets or the variation in sca lar dissipation rate and advanced 
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fl amelet models, namely the FlameletlP rogress Variable (FPV) approach based FPV 15 
functi on model and FPV ~ function model. Since, both all three models are flamelet 
based, the overall solution procedure remains unchanged fro m the approach employed 
by Ranga Dinesh (2007). However, the exact calculations within each step in the 
overall so lution procedure do vary according to the adopted combustion model and 
these vari ations are presented subsequent to the description of the overa ll procedure. 
In the fo llowing summary of the solution procedure, superscripts n+1 and n refer to 
the current and previous time levels, superscript k refers to the iteration cycle within 
the time step and the superscript 0 indicates the initial guess for the first ite ration with 
a time step i.e. k=O. 
Step 1. Choose the initial guesses or predictors fo r the va lues of the vari ables at the 
nex t time level. Here a simple choice is adopted by choosing the so lution values at the 
current time level: 
Step 2. Solve the sca lar transport equation (s) to obtain provisional scalar values. This 
fac ilitates better estimation of the density earl y in the iteration process. 
Step 3. Calculate density from the provis ional scalar values according to the strategy 
appropriate to the adopted combustion model. 
Step 4. Re-update the scalar (s) from the new density. This is required to preserve 
primary scalar conservation. 
Step 5. Solve the momentum equations 
Step 6. Solve the pressure correction equation 
Step 7. Correct the pressure and ve locity fi elds 
Step 8. Check the mass conservation error and repeat steps 6 and 7 as required. 
This completes one iteration cycle within a time step. Typically, 8- 10 iterations of thi s 
procedure is required to obtain sati sfactory conve rgence at the end o f each time step. 
At the end of each time step, two more steps need to be executed and these are: 
Step 9. Calculate eddy viscosity. 
Step 10. Calculate the temperature and species mass fractions 
This completes the cycle fo r a time step. The size of the time step and the num ber of 
outer iterations vary according to the flow problem. The time step is varied such that 
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the Courant number defined as Cou = D.III, / tli, , remains approx imately constant. In 
general , the so lutions are advanced with a time step corresponding to a Courant 
number in the range COIl =0.2 to 0.8. 
With thi s iterati ve solution procedure, under-relaxation of density in time is required 
in order to maintain stability of the so lution. Hence, the density computed in step 3 
from the adopted combustion model, p".' , is not directl y used for the remainder of 
steps but instead use is made of the under-relaxed va lue -gn+' which is given as : 
(6.32) 
Here, a is the under-relaxation factor and takes a value of 0.25 . 
6.5.2 Procedure for steady flame let model 
The exact calculations to be conducted in the Steps 2, 3, 4 and 10 of the overall 
solution procedure are d ictated by the employed combustion model. For the steady 
fl amelet model (S LFM) implemented in the present study, following is the procedure: 
Steps 2&4: Calculate scalar transport equations 
2.1: Solve fo r the filtered mixture fraction equation. 
In case filtered NO is to be calculated through a transport equation based approach 
then additionall y perform steps 2.2 to 2.6: 
2.2: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normali zed subgrid-vari ance. 
2.3: Compute the filtered scalar dissipation rate from its model equation 
2.4: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values of 
filtered NO source term . 
2.5: From the known value of filtered mixture fraction, its normalized variance and 
filtered scalar di ssipation rate, obtain fil tered NO source term from the look-up-table 
using the 3D inte rpolation teclll1ique (Appendix J). 
2.6: Solve the transport equation for filtered NO mass fraction using the NO source 
term obtained from step 2.5. 
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Step 3: Calculate d ensity 
3.1: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normali zed subgrid-variance. 
3.2: Compute the filtered sca lar diss ipation rate from its model equation 
3.3: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values of 
fi Itered densi ty 
3.4: From the known va lue of filtered mixture fraction, its normalized vari ance and 
fi ltered scala r di ss ipation rate, obtain fi ltered density from the look-up-table using the 
3D interpolation technique. 
Step 10: Calculate temperature and species conce ntrations 
10.1: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values 
of filtered temperature and species mass fractions. 
10.2: From the known filtered mixture fraction , its norma lized variance and filtered 
scalar di ssipation rate, obtain filte red temperature and species mass fractions from the 
look-up-table using the 3D interpolation technique. 
6.5.3 Procedure for FPV-o function model 
For the FPY -0 function model implemented in the LES code in the present work, the 
work ing procedure is as fo llows : 
Steps 2&4: Calculate scalar transport equations 
2.1 : Solve for the filtered mixture fraction equati on 
2.2: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequentl y calculate the normalized subgrid-variance. 
2.3: Read the pre-integrated 3D look-up-table specific to FPY 0 function model for 
ordered values of fi ltered reaction progress variable source term . 
2.4: From the values of filtered mixture fraction and its norma lized van ance 
computed from steps 2 .. 1 and 2.2 , and fi ltered reaction progress variable obtained 
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from previous time step or iteration, compute filtered progress variable source term 
from the look-up-table using the 3D interpolation technique. 
2.5: Solve the transport equation for fi ltered progress variab le usmg the fi lte red 
chemical source term obtained from step 2.4. 
Step 3: Calculate density 
3.1: Compute the sub-grid vari ance of mixture !i'action from its model equation and 
subsequently calculate the normalized subgrid-variance. 
3.3: Read the pre-integrated 3D look-up-table specific to FPV 8 functi on fo r ordered 
values of filtered density 
3.4: From the known values of fi ltered mixture fract ion, its normali zed vari ance and 
the filtered reaction progress variable obtained from step 2.5, obtain filtered density 
from the look-up-table using the 3D interpolation technique. 
Step 10: Calculate temperature and s pecies concentrations 
10.1: Read the pre-integrated 3D look-up-table spec ific to FPV 8 function fo r ordered 
values of fil tered temperatw'e and species mass fractions. 
10.2: From the known va lues of filtered mixture fraction, its normali zed variance and 
the filt ered reaction progress variab le, obtain filtered temperature and species mass 
fractions from the look-up-table using the 3D interpolation technique. 
6.5.4 Procedure for FPV-13 function model 
In the FPV -8 function model presented in the previous subsection, the 3D look-up-
table is read in every iteration. This provides an advantage in that the 3 dimensional 
arrays could be allocated before an interpolation operation and dea llocated thereafter 
thereby keeping the RAM requirement to a fai rl y moderate level (2 GB). This seems 
an attractive proposition for FPV -P function model as well. However, a major hurdle 
with FPV-P function model is that the look-up-table is 4 dimensional and reading a 
4D table consumes signi ficantly more time. 
- 103 -
Numerical Approach 
For instance, a 3D look-up-table used in the present study IS typically of size 
163x5 1xl5 1 and the time required for its readi ng in a 4GB RAM-3.6GHZ [ntel 
Pentium 4 processor is less than I sec. For the same processor specifications, a 40 
table typica lly of s ize 163x5 1 x3 1 x 151 takes nearly 30 sec. , a scale up of more than 
30 times. 
In the FPY -~ function model, it is required to read the table for density, progress 
variable source term , and covariance. Hence, for one outer iteration, the 
computational time is sca led up more than 90 times. In the LES computations, nearly 
8 outer iterations are carried out within a time step and thus, the time for completion 
of a time step is scaled up by more than 720 times . Given that LES computations with 
FPY -0 function model take - 30 days, the scale up of 720 times pe r time step with the 
FPY-~ function model could translate into several months. Furthermore, temperature 
and species mass fractions are required to be ca lculated at the end of each time step in 
LES . For hydrocarbon combustion, typical spec ies of interest are COz, CO, l-hO, Hz 
and OH. Thus, a calculation involving temperature and 5 species requires reading 6 
tables at the end of each time step. While thi s could be carried out with 30 tables 
without any concern about the computational speed, it is not so with 40 tables. 
Reading six 40 tables can slow down the process ing at the end of each time step by a 
signi ficant amount. 
In the present work, these problems are ci rcwnvented by storing the 40 arrays fo r the 
entire length of the LES calculation. The 40 look-up-tables for density, progress 
variable source term and covariance term are read onl y once (in step 2) and the arrays 
are saved for the remainder of the LES calculation. However, this stretches the RAM 
requirements. A 4GB RAM is a minimum requirement while a higher RAM size is 
highl y desirable. With thi s procedure, 40 look-up-table fo r temperature too is read 
onl y once (in step 10) and stored for the entire stati stics co llection phase of the LES 
calculation_ Tables pertaining to species too can be read and stored along with 
temperature but considerably higher (»4GB) amount of RAM must be ensured. 
[n the present study, FPY -~ function model was tested for lifted partially premixed 
flames with the foremost objective of capturing the experimentally observed 
temperature di stribution. Hence, no account of species mass fractions has been taken. 
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The working procedure for FPV P function model is thus as follows: 
Steps 2&4: Calculate scalar transport equations 
2.1: Solve for the filtered mixture fraction equation 
2.2: Compute the sub·grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
2.3: Compute the sub-grid variance of reaction progress variable from its model 
equation and subsequently calculate its normalized value. The values of filtered 
reaction progress variable and covariance term are obtained from previous time step 
or iteration or initial guess. 
2.4: If beginning from scratch or resumption from prevIOus run, read the pre-
integrated 4D look-up-table specific to FPV P function model for ordered values of 
the reaction progress variable source term. Save the 4D array to be used for the 
remainder of the LES calculation. 
2.5: Compute filtered progress variable source term from the look-up-tables using the 
4D interpolation technique (Appendix I ). The inputs needed are the filtered mixture 
fraction and its normalized variance computed from steps 2.1 and 2.2, normalized 
progress variable variance obtained from step 2.3 and filtered reaction progress 
variable obtained from previous time step or iteration or initial guess. 
2.6: Solve the transport equation for filtered reaction progress variable using the 
filtered chemical source term obtained from step 2.5. 
Step 3: Calculate density 
3.1: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
3.2: Compute the sub-grid variance of reaction progress variable from its model 
equation and subsequently calculate its normalized value. The filtered reaction 
progress variable is known from step 2.6 and values of covariance term are obtained 
from previous time step or iteration or initial guess. 
3.3: If beginning from scratch or resumption from previous run, read the pre-
integrated 4D look-up-table specific to FPV P function model for ordered values of 
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filtered density and covariance tenn. Save the 40 arrays to be used for the remainder 
of the LES calculation. 
3.4: Compute filtered density and covariance term from the look-up-tables using the 
40 interpolation technique. The inputs needed are the filtered mixture fraction and its 
nonnalized variance obtained from steps 2.1 and 3.1 respectively, and filtered 
reaction progress and its nonnalized variance obtained from steps 2.6 and 3.2 
respectively. 
Step 10: Calculate temperature (when collection of statistics is 
triggered) 
10.1: If beginning of the collection of statistics or resumption from a previous 
collection, read the pre-integrated 40 look-up-table specific to FPV ~ function model 
for ordered values of temperature. Save the 40 array to be used for the remainder of 
the LES calculation. 
10.2: From the known values of filtered mixture fraction and its nonnalized variance 
and filtered reaction progress variable and its nonnalized variance, compute filtered 
temperature using the 40 interpolation technique. 
Generation of the look-up-tables for the different models implemented in LES has 
been discussed in Chapter 7. 
6.6 Boundary conditions in LES 
Specification of appropriate boundary conditions is of prime importance for an 
accurate reproduction of the physical geometry and flow conditions. The boundary 
conditions encountered in the present study include, the solid, inflow and outflow 
boundaries. The solid boundaries represent walls and obstacles along the borders and 
within the computational domain. The present LES code has the provision for 
handling obstacles from a range of basic shapes such as rectangular and trapezoidal 
prisms, cylinders and spheres (Kirkpatrick, 2002) .. However, the present study is 
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restricted to unconfined flames and hence the use of solid boundary condition is made 
only along the boundaries of the computational domain. 
6.6.1 Solid boundaries 
The solid wall boundaries which reproduce the physical geometry are treated with 
impermeable and no-slip conditions. Hence, all the normal and tangential components 
of velocity at the wall are set to zero. For the turbulent boundary layers in which, it is 
not feasible to resolve the laminar sublayer, it is necessary to use an approximate 
boundary condition or wall functions in order to apply the correct shear force to the 
fluid. The wall function adopted in this study is that of Wemer and Wengle (1991) 
which uses a power-law approximation to the log-law. 
For unconfined flows, artificial confinement is usually adopted to avoid the problem 
of numerical instability due to reverse flow at open boundaries. Thus, artificial wall 
boundaries which do not exist in practice are placed in the computational domain. The 
placement of these walls is such that the computational domain is restricted to an 
affordable size yet the walls are far enough to have any influence on the flame 
structure. These artificial walls are treated with a free-slip condition which represents 
a friction less surface. With the free-slip condition, the fluid flow in the direction 
tangential to the wall exists while the flow in the normal direction is zero. Hence the 
normal component of velocity and the gradients of tangential components of velocity 
are set to zero at the wall. For pressure and all the scalars, the gradients in the wall 
normal direction are set to zero near the wall boundaries in the domain. Additional 
details on the implementation of wall boundary conditions are available in Kirkpatrick 
(2002). 
6.6.2 Inflow boundary condition 
Specification of inflow conditions is less straightforward in LES as compared to 
RANS due to the need for time dependent turbulent inflow data. In majority of cases, 
the flow downstream is more or less driven by the conditions at the inlet, making it 
necessary to provide information on a realistic time series of turbulent fluctuations 
which are in equilibrium with the mean flow. Experiments rarely provide information 
in such detail and typically only the time averaged mean and rms of velocity profiles 
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are made available. A variety of methods to numerically generate turbulent inflow 
data are currently available in the literature. Simplest of the methods as employed by 
Branley and Jones (2001) involve superimposing random turbulent fluctuations on 
mean velocity profiles. Advanced methods which demand additional computational 
resources include the body-force method of Pierce and Moin (1998) involving 
auxiliary LES computations on a duct flow to obtain a database of time-varying 
velocity profiles, digital filter method of Klein et al. (2003) and the immersed 
boundary method of Kempf et al. (2005) to name a few. It has been observed by Lund 
et al. (2003) that rather approximate inlet conditions seem to be sufficient for flows 
with open boundaries such as free-stream turbulence, jets, mixing layer etc. while wall 
bounded flows, on the other hand, appear to require much more accurate description 
of inlet turbulence. Thus, for the unconfined flames considered in the present LES 
calculations, the simple approach of Branley and Jones (2001) seems to be adequate 
and hence has been adopted. 
The instantaneous inflow velocity uk is hence specified through a mean velocity (Vk ) 
perturbed by random fluctuations: 
(6.33) 
where (u;) "'" is the rms of turbulent fluctuations and is obtained from experimental 
measurements and is scaled by the random number B(x"t) obtained from a Gaussian 
distribution. For the lifted jet flame configuration studied in the present work (Chapter 
9), inflow conditions for fuel jet correspond to a developing turbulent pipe flow that 
can be approximated by a fully developed flow. Hence, the mean velocity distribution 
along the inlet has been specified through a 1lih power law profile given by: 
(6.34) 
where Vbulk is the bulk velocity, y is the radial distance from the centre line of the pipe 
and 0 = 1. 0 1R j , with Rj representing the radius of the pipe. The co-efficient Co needs 
to be tuned to ensure experimentally observed mass flow rate. For the lifted jet flame, 
a value of Co=1.615 ensured correct mass flow rate. The jet flame configuration 
involves vitiated co-flow surrounding the fuel jet. The observed velocity distribution 
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at the co-flow inlet is more or less uniform and hence specification of plug flow was 
considered sufficient. 
In addition to the turbulent velocity data, information regarding all the transported 
scalars needs to be specified at the inlets. Mixture fraction takes a value of unity in the 
fuel inlet and zero in the co-flow inlet while the variance of mixture fraction is zero in 
both the inlets. For the FPV models, the reaction progress variable and its variance are 
set to zero at both inlets. 
6.6.3 Outflow boundary condition 
Outflow boundary conditions generally adopt a zero normal gradient condition or a 
convective outlet boundary condition. The zero normal gradient condition assumes a 
zero gradient for all flow variables except pressure in a direction normal to the outlet 
place. Such a condition is appropriate when the flow is fully developed at the outlet 
and devoid of any flow reversal. Hence, zero normal gradient condition often 
demands a lengthy computational domain and subsequently more number of grid 
points which is not desirable from the perspective ofLES calculation time. 
The convective outlet boundary condition is more suitable for the current LES 
calculations and hence has been adopted. This boundary condition is mathematically 
expressed as: 
a~ +U a~ =0 
at ban 
(6.35) 
where Ub is the bulk velocity across the boundary and n is the coordinate in the 
direction of outward at the outlet boundary. 
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6.7 Steady RANS numerical framework 
The RANS combustion calculations are essentially steady state and have been carried 
out on a 2D grid. Time varying or unsteady RANS calculations have been carried out 
only for NO modelling with unsteady flamelets based NO submodels (SLFM-EPFM 
and NADM-EPFM). However, unlike the time dependent calculations ofLES which 
involve time advancement of all the coupled governing equations of flow, unsteady 
RANS calculations with EPFM are less complicated in that they require time 
advancement of a single passive scalar transport equation in a post-processing phase. 
Details about the unsteady RANS approach are presented in Section 6.S. 
For the steady RANS calculations, the generic transport equation integrated over a 
control volume is given by: 
(6.36) 
Since, this equation is devoid of time derivative term, the solution no longer needs to 
be advanced in time thus requiring significantly less computational effort as compared 
to LES. Also, it is now required to account for only the spatial discretisation of the 
convective, diffusive and source terms in each of the governing equations. Conversion 
of the Eq.6.36 to a simple linear algebraic form is carried out through an approach 
similar to the one adopted in LES. However, the exact schemes employed for 
approximation of the terms in the equations, the solver used for the solution of the 
linear algebraic equations and the overall solution procedure, are different to LES. 
Since, all the scales of turbulence are modelled with RANS, additional transport 
equations as required by the adopted turbulence model, need to be solved. The k-t: 
model requires solving two additional equations for the turbulent kinetic energy and 
its dissipation rate. These quantities are stored at the scalar nodes on the staggered 
grid (Fig. 6.1). For the Reynolds stress transport model, the number of additional 
equations is much higher and hence the allocation of additional quantities on the 
staggered grid requires special consideration. 
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6.7.1 Arrangement of Reynolds stresses on staggered grid 
The Reynolds stress transport model implemented in the in-house RANS code 
requires solving individual transport equations for four non-zero components of the 
Reynolds stresses, three normal stresses u"u", v"v', and w"w", and the shear 
stress u"v' and an equation each for the turbulent kinetic energy and its dissipation 
rate. 
Both the turbulent kinetic energy and dissipation rate are stored at the scalar node. If 
shear stresses are stored at the node points and central differences are used for the 
stress gradients then the mean velocity and shear stress fields may uncouple, i.e. 
"chequer boarding". One well tested method of overcoming this is to use the stress 
storage arrangement shown in Fig 6.3 where the shear stresses are stored at the scalar 
control volume corners with the normal stresses being stored at the scalar node points 
as is the turbulent kinetic energy and dissipation rate. The mean components of 
velocity as previously mentioned are stored the centroid of the control volume face. 
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Figure 6.3: Staggered storage arrangement for the Reynolds shear stresses 
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6.7.2 Spatial discretisation 
In LES, a second order central differencing scheme has been adopted for diffusive 
flux term in all the equations. The convective flux at the face of a control volume is 
approximated using second order central differencing scheme for momentum 
equations while higher order QUICK or SHARP scheme has been used for scalar 
equations to avoid wiggles and unphysical results such as mixture fraction taking 
values which are negative or more than unity. 
The RANS computational code uses the same approach as far as the diffusive fluxes 
are concerned in that the central differencing scheme has been adopted for the 
gradient of a variable in the diffusive flux term of all the equations ( including those 
of Reynolds stresses). Discretised diffusive flux across a face (say east) of a control 
volume is given by: 
(6.37) 
Where D, = (r"M)/ /!;xE is the diffusive flux contribution for the east face to the 
coefficients in the final discretised transport equation, Eq.6.43. The diffusion 
coefficient at the centre of the face r" for momentum is known at the scalar node 
while for the scalars and Reynolds stresses, it is obtained by linear interpolation (Eq. 
6.5). Summing the diffusive fluxes across all the faces of the control volume gives 
the following expression for the discrete diffusive operator, 
(6.38) 
The convective fluxes in RANS, have been discretised using the hybrid differencing 
scheme of Spalding (1972). This scheme is based on a combination of second order 
accurate central differencing scheme and first order accurate upwind scheme. 
Piecewise formulae based on the local Pedet number which is evaluated at the face of 
the control volume are used to switch between the central differencing and upwind 
schemes. 
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The convective flux across a cell face (example, east face) is given by: 
According to the hybrid differencing scheme based approximation of ~ , 
F. =C,[(1-9)~+94J 
F. =C,~ 
F. =C,4 
for -2 < Pe, < 2 
for Pee~2 
for Pee ~ - 2 
(6.39) 
(6.40) 
The density p at the face of the control volume is known from the scalar node in case 
of momentum, while for scalars and Reynolds stresses it is obtained through linear 
interpolation. The mean velocity u normal to the cell face is known from its value at 
the scalar node in case of scalars and the Reynolds normal stress while for momentum 
it is obtained through a linear interpolation. For Reynolds shear stress linear 
interpolation needs to be pursued thrice to obtain the mean velocity U, at the centroid 
of the east face of the u'v' cell (Fig. 6.3). The first two interpolations result in the 
mean velocities up and Us at the corners of the east face of the u'v' cell. The third 
linear interpolation uses up and Us to obtain the value at the centre of the east face. 
The hybrid scheme using both central differencing and upwind schemes is only first 
order accurate but ensures stable and overcomes the problems associated with the use 
of central differencing scheme in convection dominated flows. The hybrid 
differencing scheme has found extensive application to practical flows (Versteeg and 
Malalasekera, 2007) and is relatively simple in regard to numerical implementation 
when compared to higher order schemes such as QUICK and SHARP. 
Treatment of source term follows the same approach as detailed in the context of LES. 
The source terms arising in all the governing equations are evaluated by computing 
the function representing the source term S~ at the node and multiplying by the 
volume of the cell ~v : 
(6.41) 
The Gradients in the function are calculated using second-order central difference 
scheme while interpolations employ a linear profile. In several cases, the source term 
can be a function of the dependent variable. In such cases the source term is 
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approximated by means of a linear form which is a combination of the dependent and 
independent terms. A general source term is thus written as; 
S;/lV = Sp~ p +Su 
Finally, the complete discretised equation is given by; 
(ap-Sp)~ = I(anb~b)+SU 
nb 
(6.42) 
(6.43) 
With hybrid differencing scheme, the coefficients corresponding to the node of 
evaluation ap and its neighbours anb for 2D problem are given in Table 6.1. 
aE max[-C"(De-C12),O] 
aw max[Cw, (Dw+C,I2),O] 
aN max[ -Cn, (Dn-C,/2), 0] 
as max[C,,(Ds+C;2),O] 
ap I(anb)+C, -Cw +Cn -Cs 
nb 
Table 6.1; Co-efficients in the complete discretised equation with hybrid scheme. 
6.7.3 Pressure correction 
In the coupled momentum equations, pressure gradient appears as an unknown 
variable. In compressible reacting flows, the continuity equation can be used as a 
transport equation for density while an energy equation can be used as a transport 
equation for temperature and pressure may then be obtained from the density and 
temperature using equation of s,tate. However, in incompressible reacting flow 
problems there is no equation for pressure as such since the density by definition is 
independent of pressure and is only a function of temperature. In this case, coupling 
between pressure and velocity introduces a constraint on the solution of the flow field. 
Provided a correct pressure field is applied in the momentum equations, the resulting 
velocity field should satisfy continuity. This problem is usually overcome by adopting 
an iterative solution strategy. 
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In the present RANS computational code, calculation of pressure, velocity and other 
scalars which are coupled to the momentum equations is carried out in a sequential 
manner using the well known Semi-Implicit Method for Pressure Linked Equations 
(SIMPLE), introduced by Patankar and Spalding (1972). In this algorithm, the 
momentum equations are solved using a guessed velocity (u* and v*) and pressure 
(P*) fields. A pressure correction equation which is deduced from continuity equation 
is solved to obtain a pressure correction field which is in turn used to update the 
velocity and pressure fields. The process is iterated until convergence of the pressUre 
and velocity fields is achieved. 
The difference between correct pressure field p and guessed pressure field p* is 
defined as the pressure correction p': 
p=p*+p' (6.44) 
Discretized form of the pressure correction equation obtained from the continuity 
equation is given ( at a scalar node represented by P in Fig. 6.1) : 
app'p = L(anbP~b)+B~ (6.45) 
nb 
The source term in this equation B~ is the continuity imbalance arising from the 
approximated velocity field. The coefficient at the scalar node is given by, 
(6.46) 
and the neighbour coefficients are expressed as : 
aE aAw aN as B' p 
(pu* At -(pu* A), 
(pAd), (pAd). (pAd). (pAd)' +(pv* A), -(pv* A). 
where d = . A, 
, ap for u cell on east face of the scalar cell 
Once the pressure correction field is known, the correct pressure field is obtained 
from Eq.6.44. 
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The velocity components are computed at their respective nodes through the 
correction formulae: 
• ( t t) Ap up = up + Pw - p, -
ap 
(6.47) 
6.7.4 Solution ofRANS equations 
The discretised linear algebraic equations for velocity, pressure correction, scalars and 
Reynolds stresses (when using Reynolds stress transport model for turbulence 
closure) are solved iteratively using a Tri-diagonal matrix algorithm (TDMA). It is 
computationally inexpensive and has the advantage that it requires minimum amount 
of storage. It is applied iteratively, in a line-by-line fashion, to solve the two-
dimensional problems considered in the present study. 
In Fig. 6.4 a schematic of a two dimensional grid for the bluff-body stabilized flames 
discussed in Chapter 8 is presented. The bluff-body represents solid impermeable 
region devoid of fluid flow. The ghost cells within the bluff-body act as 
discontinuities along the lines of calculation. Usually, the TDMA is implemented such 
that the calculation is swept north to south followed by west to east and the ghost cells 
are handled like any normal cell by fixing the values of all the variables to zero. 
However, in the present study, modifications to the TDMA solver have been made 
such that the line-by-line calculations sense the discontinuity and the ghost cells are 
completely omitted from the calculation. This resulted in minor savings on 
computational time. Also, the calculations are swept first from west to east followed 
by north to south. Such a sequence of sweep direction has been found to improve the 
stability of the solution for this case. For jet flames without any solid obstacle within 
the domain, the sequence of sweep direction is less important and a north-south 
followed by west-east has been used. In all the calculations, 3 to 5 sweeps have been 
used for each variable within each iteration. 
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North 
West H-++++-IH++-I-H-++-I-HH++-I-H-++++-iH-1 East 
South 
Figure 6.4: Schematic of a 2D grid for a bluff-body flow problem. 
The sequence of operations involved in the solution algorithm for a steady reacting 
flow calculation using Reynolds stress transport model for turbulence closure is as 
follows. 
I. Provide initial guess for all the variables 
2. Solve discretized transport equation for Reynolds normal stresses and shear 
stress 
3. Solve discretised momentum equations 
4. Solve pressure correction equation and correct the pressure and velocities 
5. Solve the discretised transport equations for k and & 
6. Solve other scalar equations ( relevant to the adopted combustion model) 
7. Calculate density (from equations relevant to the adopted combustion model) 
8. Calculate eddy viscosity 
9. Reset the initial conditions with new values and repeat steps 2 to 7 till 
convergence is achieved. 
This iterative procedure has been carried out in the present study with a convergence 
criterion requiring overall residual for mass, momentum and Reynolds stresses to 
reach a value than less than 10.6• Once the converged flow and mixing fields are 
obtained, post-processing calculations are carried out. 
10. Calculate temperature and mass fraction of species (from equations relevant 
to the adopted combustion model). Since this requires only the main 
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combustion model, it can be considered as an integral part of the main 
combustion model calculations. 
11. If NOx modelling is of interest, calculate NO from one of the submodels 
discussed in Chapter 5. 
It is evident from the solution algorithm that combustion modelling fits into the 
overall solution procedure through steps 6, 7, 10 and 11. The exact calculations to be 
carried out within these steps depend upon the combustion model and its sub-model. 
As previously mentioned, a steady flamelet model, non-adiabatic flamelet model and 
flameletlprogress variable approach based models have been incorporated as the main 
combustion modelling techniques in RANS. The steady adiabatic and non-adiabatic 
flame let models also have the provision of integrated sub-models, using which NO 
could be modelled. All the main combustion models and their sub-models have been 
made to work on the look-up-table concept. 
6.7.5 RANS procedure for steady flamelet model 
The calculations within steps 6, 7 and 10 when employing steady flamelet model are 
as follows: 
Steps 6: Solve scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
Step 7: Calculate density . 
7.1: Compute the mean scalar dissipation rate from its model equation 
7.2: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values of 
mean density 
7.3: From the known value of mean mixture fraction, its normalized variance and 
mean scalar dissipation rate, calculate mean density from the look-up-table using the 
3D interpolation technique. 
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Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values 
of mean temperature and species mass fractions. 
10.2: From the known mean mixture fraction, its normalized variance and mean scalar 
dissipation rate, obtain mean temperature and species mass fractions from the look-
up-table using the 3D interpolation technique. 
Step 11: Calculate NO mass fraction 
Both steady and unsteady (EPFM) flamelet based NO submodels can be employed in 
this step. The required calculations for steady transport equation based NO submodel 
(SLFM-NO-TRE) are as follows: 
11.1: Read the converged flow and mixing field solution from the SLFM calculations. 
11.2: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values of 
mean NO source term. 
11.3: From the known mean mixture fraction, its normalized variance and mean scalar 
dissipation rate, obtain mean NO source term from the look-up-table using the 3D 
interpolation technique. 
11.4: Solve the transport equation for mean NO mass fraction using the source term 
obtained from step 11.3 
The required calculations for unsteady flamelets (EPFM) based NO sub-model 
(SLFM- EPFM) are as follows: 
11.1: Read the converged flow and mixing field solution from the SLFM calculations. 
11.2: Solve the unsteady transport equation for the probability of finding a marker 
particle to store its spatial distribution at every time step. This step requires the use of 
a time advancing or unsteady RANS calculation which is presented in section 6.8. 
11.3: From the known distribution of mean density, scalar dissipation rate and the 
probability of finding the marker particle, calculate the domain averaged conditional 
scalar dissipation rate from the model equation at each time step. 
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11.4: Using the time history of domain averaged condition scalar dissipation rate 
generate unsteady diffusion flamelets from the FlameMaster code (Pitsch, 1998). 
11.4: Finally, calculate the mean NO mass fraction within each cell through a 
weighted averaged of the time evolution of the instantaneous NO profiles obtained 
from step 11.3 with the probability of finding the marker particle. 
6.7.6 RANS procedure for non-adiabatic flamelet models 
The calculations within steps 6, 7 and 10 when employing the comprehensive non-
adiabatic flamelet model, NADM is presented here. Similar procedure without the 
calculation of scalar dissipation rate is adopted for the NAOS model. The procedure 
for NAOM is as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
, 
6.3: Read the pre-integrated 4D look-up-table specific to the non-adiabatic flameIet 
model, NAOM, for ordered values of mean temperature and mole fractions of CO2 
and CO. 
6.4: Calculate the mean scalar dissipation rate and enthalpy defect. For the first 
iteration, use the initial guess for actual enthalpy. 
6.5: From the known values of mixture fraction, its nonnalized variance, scalar 
dissipation rate and enthalpy defect, compute the mean temperature and mole fraction 
mole fractions of CO2 and CO using the 40 interpolation technique. 
6.6: Using the infonnation obtained from step 6.5 and the Discrete Transfer Method, 
calculate the radiation source tenn in each cell. 
6.7: Solve the mean enthalpy equation using the radiation source tenn obtained from 
step 6.6. 
Step 7: Calculate density 
7.1: Read the pre-integrated 40 look-up-table specific to the NADM model for 
ordered values of mean density 
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7.2: Calculate the enthalpy defect from the mean enthalpy obtained from step 6.7. 
7.3: From the known value of mean mixture fraction, its normalized variance, mean 
scalar dissipation rate and enthalpy defect, compute mean density from the look-up-
table using the 4D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 4D look-up-table specific to steady non-adiabatic 
flamelet model for ordered values of mean temperature and species mass fractions. 
10.2: From the known values of mean mixture fraction, its normalized variance, mean 
scalar dissipation rate and enthalpy defect, obtain mean temperature and species mass 
fractions from the look-up-table using the 4D interpolation technique. 
Step 11: Calculate NO mass fraction 
Both steady and unsteady (EPFM) non-adiabatic flamelet based NO submodels can be 
employed in this step. The required calculations for steady transport equation based 
non-adiabatic NO sub-model (NADM-NO-TRE) are as follows: 
11.1: Read the converged flow and mixing field solution from the NADM model 
calculations. 
11.2: Read the 4 dimensional pre-integrated look-up-table specific to steady non-
adiabatic flamelet model for ordered values of NO source term. 
11.3: From the known mean mixture fraction, its normalized variance, mean scalar 
dissipation rate and enthalpy defect, obtain mean NO source term from the look-up-
table using the 4D interpolation technique. 
11.4: Solve the transport equation for mean NO mass fraction using the source term 
obtained from step 11.3. 
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The required calculations for unsteady (EPFM) non-adiabatic flamelets based NO 
sub-model (NADM-EPFM) are as follows: 
11.1: Read the converged flow and mixing field solution from the steady non-
adiabatic flamelet model calculations. 
11.2: Using unsteady RANS, solve the unsteady transport equation for the probability 
of finding a marker particle to store its spatial distribution at every time step. 
11.3: From the known distribution of mean density, scalar dissipation rate and the 
probability of finding the marker particle, calculate the domain averaged conditional 
scalar dissipation rate from the model equation at each time step. 
11.4: Using the time history of domain averaged condition scalar dissipation rate 
generate unsteady non-adiabatic diffusion flamelets from the FlameMaster code 
(pitsch, 1998). The unsteady flamelet equations are solved with a radiation source term 
(assuming optically thin radiation). 
11.5: Finally, calculate the mean NO mass fraction within each cell through a 
weighted averaged of the time evolution of the instantaneous NO profiles obtained 
from step 11.4 with the probability of finding the marker particle. 
6.7.7 RANS procedure for FPV-8 function model 
The calculations within steps 6, 7 and 10 when employing the FPV -0 function model 
are as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
6.3: Read the pre-integrated 3D look-up-table specific to FPV -0 function model for 
ordered values of mean progress variable source term 
6.4: Using the known values of mean mixture fraction and its normalized variance 
and the mean and reaction progress obtained from initial guess or previous iteration, 
compute the mean progress variable source term through the 3D interpolation. 
6.5: Solve the mean progress variable transport equation using the source term from 
step 6.3 
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Step 7: Calculate density 
7.1: Read the pre-integrated 30 look-up-table specific to FPV-o function model for 
ordered values of mean density 
7.3: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable obtained from step 6.5, compute mean density from the look-
up-table using the 30 interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 30 look-up-table specific to FPV-o function model for 
ordered values of mean temperature and species mass fractions. 
10.2: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable, compute mean temperature and species mass fractions from 
the look-up-table using the 30 interpolation technique. 
Step 11: Calculate NO mass fraction 
In the present study, FPV -0 function model is restricted to mainly calculations of 
temperature distribution and the NO modelling has not been attempted. However, the 
approach used in steady flamelet based NO submodel could easily be extended to 
FPV. Pre-integrated look-up-table for NO source term can be generated using the Pre-
POF FPV 0 (Chapter 7) code and stored as a function of mean mixture fraction, its 
normalized variance and mean reaction progress variable. Steady transport equation 
for mean NO mass fraction can be then be solved by interpolating the NO source term 
from look-up-table .. Future works can adopt this technique to assess its benefits over 
SLFM-NO-TRE based calculations. 
6.7.8 RANS procedure for FPV-P function model 
It has been discussed in detail in the context of LES that the FPV -p function model 
stretches the RAM requirements because of the need to store the 40 look-up-tables 
for the entire length of the run. This problem persists with RANS as well. Reading 
large 40 arrays in each iteration is certainly not desirable as RANS computations 
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which can otherwise provide a solution in few hours can take few days. While the 
overall computational time can still be less than that ofLES, the very purpose of using 
RANS (computational efficiency) would then be mitigated. Hence, in the present 
RANS code, the FPV-~ function model is implemented such that the 4D look-up-
tables for mean progress variable source term, density and covariance term are read 
only once in the solution process and stored for the entire length of the run. 
The calculations within steps 6, 7 and 10 when employing the FPV - ~ function model 
are as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
6.3: If beginning of the run or resumption from previous run then, read the pre-
integrated 40 look-up-table specific to FPV-~ function model for ordered values of 
mean progress variable source term, covariance term and density. 
6.4: Using the known values of mean mixture fraction and its normalized variance 
and the mean reaction progress variable obtained from initial guess or previous 
iteration, compute the mean progress variable source term through the 40 
interpolation technique 
6.5: Solve the mean progress variable transport equation using the source term from 
step 6.4 
6.6: Using the known values of mean mixture fraction and its normalized variance, 
mean reaction progress variable from step 6.5 and the normalized variance of 
progress variable obtained from initial guess or previous iteration, compute the mean 
covariance term through the 40 interpolation technique. 
6.7: Solve the mean progress variable variance transport equation with the covariance 
term obtained from step 6.6. 
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Step 7: Calculate density 
7.1: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable and its variance, compute mean density from the look-up-table 
using the 40 interpolation technique. 
Step 10: Calculate temperature and species concentrations 
A significant advantage that RANS provides with the FPV -~ function model is in 
regard to calculation of temperature and species mass fractions. Since in LES, one 
requires their calculation in every time step, the number of species that could be 
considered is very limited due to the need for storing the corresponding number of 40 
arrays. Infact, present LES computations have been restricted to only filtered 
temperature. In RANS, temperature and species mass fractions are calculated in the 
post-processing phase. Hence, the mean mass fraction of each species can be 
computed sequentially in a one-off calculation. Sequential reading of the 40 look-up-
table ensures that RAM requirements are well under control. Thus, with RANS, one is 
capable of calculating any number of species with the FPV -~ function model. The 
required calculations in this step are as follows: 
10.1: Read the pre-integrated 30 look-up-table specific to FPV-cS function model for 
ordered values of mean temperature and species mass fractions 
10.2: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable, compute mean temperature and species mass fractions from 
the look-up-table using the 30 interpolation technique. 
Step 11: Calculate NO mass fraction 
In the present study, NO modelling with FPV-~ function model has not been 
attempted. However, an approach similar to that discussed in the context of FPV-li 
function model can be adopted by generating a 40 pre-integrated look-up-table for 
NO source term from the Pre-POF FPV ~ code (Chapter 7). 
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6.7.9 Boundary conditions 
Boundary conditions corresponding to the practical flow configuration are 
implemented on the nodes along the boundaries of computational domain leading to 
modifications in the discretised equations along those nodes. Implementation of 
boundary conditions in the discretised equations is discussed in detail in Versteeg and 
Malalasekera (2007). Here a brief description of the boundary conditions that have 
been encountered in the modelling work discussed in Chapters 8 &9 is given. 
Inlet boundary 
At the inlets to the domain, the spatial distribution of all the flow variables is specified 
by setting the values of the variables at the nodes. Mean flow properties at the inlet 
are usually available from measurements. However, for turbulence quantities, in the 
absence of measured data, turbulent intensity (i=I-IO%) and length scale (/ = 0.07 x 
inlet radius) are specified and subsequently k and S are calculated from: 
_ c 3/4k. 3/2 
k -I 5(" U)2 d - _ p m in -. IX in an Gin - I (6.48) 
where Vin the bulk velocity at inlet. 
When employing Reynolds stress ·transport model for the turbulence closure, in 
addition to kin and Sin' the Reynolds normal and shear stress components' spatial 
distributions' need to be specified. In the absence of measured data, isotropy of 
turbulence is assumed and the Reynolds normal stresses are obtained from the 
turbulent kinetic energy: 
(6.49) 
Th h t --;;-;; . . t d b -;;-;; 0 5 (-;;-;; -;;--;;) 112 e sear s ress U v
'n 
IS approxlma e y: U v
'n 
= , U u
'n 
,U vin 
Further details about the inlet conditions are given separately for each of the different 
turbulent flames studied in the present work in Chapters 8 and 9, 
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Outlet boundary 
At the outlet boundary the gradients of all variables except pressure are considered to 
be zero in the direction of the flow. For facilitating such an assumption, the outlet 
boundary is located far from geometrical disturbances to ensure fuBy developed flow. 
At the nodes along the outlet plane, values for variables are set equal to those 
corresponding to immediate interior nodes. However, this treatment is not sufficient 
for the velocity component normal to boundary as it may lead to problems in overall 
mass conservation. To correct the difference, total mass flux going out of the domain 
Mo"tis calculated and the velocities normal to outlet are scaled by a factor Mo"IM;n' 
Symmetry boundary 
At the symmetry boundary, the conditions of no flow and no scalar flux across the 
boundary are imposed. In the implementation, the velocities normal to the symmetry 
boundary and the shear stresses are set to zero while the values of aB other properties 
just outside the solution domain are equated to their values at the nearest node just 
inside the domain. 
Wall boundary 
All the walls have been treated as no slip and impermeable. AB the components of 
velocity on the wall have been set to zero. The diffusion of scalar fluxes including the 
Reynolds stresses normal to the wall boundary are set to zero. At high Reynolds 
number, the viscous sublayer of a boundary layer is so thin that mesh required in 
resolving this layer is prohibitively large and hence 'wall functions' are employed. 
The y+ (given in Eq. 6.50) is used as criterion for application of wall functions. 
y+ = /:;.yP ~ (6.50) 
v f~ 
where /:;.Yp is the distance of the near wall node P to solid surface (shown in Fig 6.5). 
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Wall 
U cell Wall shear stress 
Figure 6.5: u velocity cell at wall boundary 
If the value of y + ::011.63, the near wall flow is taken to be laminar and the wall shear 
stress is obtained by assuming that the velocity varies linearly with distance from the 
wall: 
Up 
r =f.I.--
W ilyp 
(6.51) 
The wall force which can be obtained from wall shear stress enters as a source term 
into the momentum equation tangential to the wall. If y + > 11.63 the near wall node P 
is considered to be in the log-law region of the turbulent boundary layer and the wall 
functions are applied. The standard wall functions of Launder and Spalding (1974) 
have been implemented in the present study. Within the log-law layer, 
(6.52) 
Where the friction velocityu, =(~wlpt2 , Kis the von Karman's constant equal to 
0.4187 and E is integration constant and is, equal to 9.793. The near wall shear stress 
is given by: 
(6.53) 
In the k-e model and the RST model implemented in the present work, the k equation 
is solved in the whole domain including the wall adjacent cells. A zero normal 
gradient boundary condition has been imposed as the boundary condition at the wall 
for k. The k equation has the production of kinetic energy its dissipation rate as the 
source terms. These are computed at the near wall cells on the basis of local 
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equilibrium hypothesis according to which, the production of k and its dissipation rate 
are assumed to be equal. Thus, the production of k is computed from, 
p. '" T OU = T; 
k,p w ~, C 1/4k- 1/2 A 
v.r K:p ~ p uYp 
(6.54) 
and the dissipation rate S p is computed from: 
(6.55) 
At the near wall nodes, the dissipation rate equation is not solved but instead 
computed from Eq,6.55. The transport equations for Reynolds normal stresses as well 
are not solved at the near wall nodes but instead computed from kp through the 
functional relationships given in Eq.4.34. The transport equation for Reynolds shear 
stress however has been solved with the imposed boundary condition of zero normal 
diffusion to the wall. 
6.8 Unsteady RANS procedure 
As previously discussed in section 5.4, for NO modelling with SLFM-EPFM and 
NADM-EPFM, an unsteady equation for marker particle (Eq. 6.56) needs to be solved 
in CFD during the post processing phase. The solution procedure for solving the 
unsteady equation is practically the same as for any passive scalar equation in steady 
RANS except for minor additions driven by the temporal term in the marker particle 
equation. 
0(_[-) 0 (-- [-)_ 0 (lit OlnJ 
- p +- pu ----at n Oxk k n OXk Sel• Oxk 
(6.56) 
The presence of time derivative requires integration of the equation not only over a 
control volume but also over a time interval from t to t+Llt: 
(6.57) 
The spatial discretisation for convective and diffusive flux terms follows exactly the 
same practice in steady RANS. The gradients in diffusion terms are approximated 
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with central differencing scheme while hybrid differencing is used for convective 
terms. The time derivative term is approximated with a first order backward 
differencing scheme. Thus, 
I+M J Jpin dVdt = p(in - in!!V (6.58) 
I v 
where the subscript '0' denotes the value at the time level t . 
Time discretisation for the convective and diffusive terms is carried out through a first 
order accurate fully implicit scheme where only the values of the variable at the new 
time level t+!!t are considered. The final discretised equation is given by: 
(6.59) 
where the central coefficient ap = I(anb)+C ,-C w+C n-C ,+a~ . The expressions 
nb 
for neighbour co-efficients are the same as presented in Table 6.1. The advantage with 
fully implicit scheme based temporal discretisation is evident from the discretised 
equation which is in most regards close to steady state equations. The only additional 
terms to be accounted are the contribution of a; to the central coefficient ap and the 
contribution of a; i: as an additional source term. The coefficient a~ is given by: 
(6.60) 
A time marching procedure is adopted to obtain the distribution of in with respect to 
space and time The time marching procedure starts from a given initial field of In ( as 
discussed in Section 5.4.3). The discretised equation (Eq. 6.59) is solved using a 
TDMA solver after selecting time step M. The fully implicit scheme is 
unconditionally stable for any size of the time step M . However, since it is only first-
order accurate in time, smaller time steps are needed to ensure the accuracy of results. 
In the present study, a time step size of 10-5 s has been employed. Next, the solution 
in is assigned to i~ and the procedure is repeated to progress the solution by a 
further time step. The time marching is carried out until in is less than 10-8 
throughout the domain i.e. the marker particle has nearly exited the domain. 
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Pre-processing for RANS & LES based 
Calculations of Turbulent Flames 
The RANS and LES based CFD calculations when employing flamelet based 
combustion models require input in the form of a set of pre-integrated look-up-tables 
which together hold the information about the mean thermo-chemical structure of the 
flame under investigation. In the present study, the look-up-tables have been 
generated from pre-integration tools (referred to as Pre-PDF tools) which have been 
specifically developed to cater for the different flamelet combustion'models used in 
the current study. Each Pre-PDF tool performs appropriate integrations of flameIet 
profiles with presumed shape PDFs. The flamelet profiles which form the input to the 
Pre-PDF tools represent the solutions obtained from flamelet equations. Thus, the first 
and foremost task in flameIet modelling of turbulent combustion is the generation of 
flamelets. This along with the subsequent generation of look-up-tables constitutes the 
pre-processing phase ofRANS and LES based turbulent flame calculations. 
The steady flamelets generated in the present study can be broadly categorised as 
adiabatic and non-adiabatic, based on their process of generation. Within each 
category, flamelets can be classified as non-premixed and partially premixed based on 
their structure. In the present chapter, details about the variety offlamelets used in the 
present study and their generation processes have been presented in section 7.1. Based 
on the combustion model employed for the turbulent flame calculations, flamelets are 
fed into different Pre-PDF tools for generation of look-up-tables. For steady flameIet 
model based calculations, a Pre-PDF tool named 'Pre-PDF SLFM' has been 
developed to generate the necessary look-up-tables and details about this tool are 
discussed in section 7.2. Subsequently, the 'Pre-PDF NADM' tool, developed to cater 
for steady non-adiabatic flamelet model based calculations' has been presented in 
section 7.3. The FPV model based calculations require the flameIets to be processed 
in 'Pre-PDF FPV 0' and 'Pre-PDF FPV po tools which perform the dual tasks of 
integration of the flamelets to obtain look-up-tables in flamelet parameter space and . 
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re-interpolation of the look-up-tables to progress variable space. Details about these 
tools are presented in section 7.4. 
7.1 Generation of flamelets 
All the flamelet profiles for the different turbulent flame investigations carried out in 
the present study have been generated using the FlameMaster code of Pitsch (1998). 
The process of generating flamelets involves obtaining solutions for the flamelet 
equations (Eq.5.6) after enforcement of appropriate assumptions and inputs. Typical 
inputs constitute (1) the boundary conditions for fuel and oxidiser streams and (2) 
chemical kinetic mechanism along with the thermodynamic data. Since the 
assumption of unity Lewis number and equal diffusivity is made in the derivation of 
the flamelet equations, the assumption is inherently enforced for all the calculations. 
However, assumptions regarding the radiation heat loss need to be explicitly 
specified. Ali the steady flamelet solutions are obtained without the radiation source 
term in the flamelet equations. The steady non-adiabatic flamelets too do not consider 
the radiation source term but employ an enthalpy defect approach which is discussed 
later in this section. 
In the present study, all the investigated flames are based on gaseous hydrocarbon 
fuels and in particular methane. The ORI 2.11 (Bowman et al., 2007) is the most 
widely used mechanism for describing the methane-air combustion and provides a 
detailed account of the elementary reactions participating in the carbon-hydrogen-
oxygen chemistry. It also includes NOx chemistry relevant to natural gas chemistry 
and reburning. The mechanism comprises of 277 elementary reactions with 49 species 
out of which 102 reactions and 17 species pertain to the NOx chemistry. The NOx 
chemistry is thus detailed and includes all the possible pathways of NOx formation 
viz., thermal, Prompt, nitrous oxide and fuel nitrogen. The use of this mechanism has 
been accepted as a standard practice in the present study, to describe both the 
hydrocarbon and NOx chemistry in all the investigated flames. This has been arrived 
at after verifying the superiority of the ORI 2.11 mechanism's performance over other 
detailed mechanisms, the ORI 3.0 (Smith et al., 2007) and SanDiego (Williams, 
2007). 
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7.1.1 Steady adiabatic flamelets 
Steady adiabatic flamelets cater for the steady flamelet model and FPV approach 
based CFD calculations. Generation of steady adiabatic flame lets involves solving for 
the flamelet equations without the time derivative term and the radiation source term: 
(7.1) 
(7.2) 
The complete set of solutions obtained from these equations for the fuel air conditions 
corresponding to Berkeley CH4-Air lifted flame (section 9.1) have been shown by the 
so called S-curve in Section 5.5, Fig 5.2. There the locus of the stoichiometric 
temperature for all the solutions have been used to identify three branches of 
solutions, namely the top stable burning branch, middle unstable branch of partially 
extinguished states and the bottom branch of completely extinguished states have 
been identified. The solutions along the fully burning branch are obtained by 
progressively increasing the stretch rate represented by the stoichiometric scalar 
dissipation X." from its value at equilibrium (X." =0) to the quenching limitX.".q' 
The quenching limit unlike equilibrium limit is not universal and is dictated by the 
composition and temperature of fuel and oxidiser streams in the turbulent flame. The 
flamelet structure upon complete extinction corresponds to that of inert mixing of the 
reactants and remains unaffected for all X" > X".q' The middle branch of unstable 
partially extinguished states represents the transition from fully burning to complete 
extinction. Generation of the middle branch involves choosing a solution 
corresponding to X" less than but very close to X".q and then using this as initial 
solution for a simulation towards smaller values of stoichiometric scalar dissipation 
rate. The middle branch of solutions are however required only when employing FPV 
approach for modelling the turbulent flame. With, the steady flame let model, the 
flamelets are parameterized by scalar dissipation rate and to ensure a unique 
parameterization, the unstable middle branch is ignored. Hence, the task of flamelets 
generation for SLFM based turbulent flame calculations is limited to obtaining 
solutions for the fully burning branch and completely extinguished state. 
- 133 -
Pre-processing for RAN&LES based Calculations of Turbulent Flames 
The steady flamelet profiles used in SLFM based calculations of the non-premixed 
Sydney bluff-body flame (HMI, discussed in section 8.1) and partially premixed 
Sandia D jet flame (discussed in section 8.3) are shown in Fig. 7.1. For the HMI 
flame, the fuel stream is composed of a mixture of CH4 and H2 in 1: 1 ratio by volume 
while the oxidizer stream consists of pure air. Both the streams are at a temperature of 
300 K. For these strictly non-premixed conditions, extinction of a flamelet occurs at 
X.",q approximately equal to 55 S-I, The Sandia D jet flame is a partially premixed 
flame where the fuel is a mixture of CH4 and air in 1:3 ratio by volume while the 
oxidiser consists of pure air and both the streams are at a temperature of 291 K. 
r 
Flamelet calculations for this flame have shown quenching to take place 
at X,<I,q ,",4778-1 • 
The contrasting structure of the flamelets in non-premixed and partially premixed 
conditions can be observed from the temperature profiles at and near equilibrium in 
Fig 7.1a&b. The flamelet in non-premixed conditions (Fig. 7.1a) consists of a thin 
diffusive-reaction zone characterised by a high temperature gradient around the 
stoichiometric mixture fraction Zst. The reactants are consumed (not shown) within . 
this reaction zone and species attain maximum value while density attains lowest due 
to the maximum heat release. As the stretch on the flamelet increases, the peak 
temperature drops due to the greater extent of heat loss to the outer regions of the 
reaction zone in comparison to the amount of heat released. The flamelet finally 
extinguishes when the stretch rate reaches quenching limit X" = X",q resulting in an 
inert mixing ofthe reactants. 
The partially premixed flamelet (Fig.7.1b) on the other hand exhibits a two-stage 
flame with distinctly separate premixed-flame and diffusion-flame reaction zones. 
The overall structure of the flamelet is rather spread out with the diffusive-reaction 
zone developed around the stoichiometric mixture fraction and the premixed-flame 
developed near to the premixed fuel end. Consistent with findings of Peters (1984), as 
the stretch on the partially premixed flamelet increases, the premixed flame merges 
into the non-equilibrium diffusion flame layer that exists around the maximum 
temperature. 
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Figure 7.1: Steady flamelet solutions for fully burning and fully extinguished states. 
Generated for conditions corresponding to (a) HMI flame and (b) Sandia D flame. 
These solutions are used for SLFM based turbulent flame calculations. 
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In each set of profiles shown in Fig 7_ I a&b, a discontinuity between the fully burning 
states and the extinguished (or quenched) state can be observed and this is due to the 
partially extinguished intermediate states which cannot be accounted in SLFM. The 
SLFM has been mainly employed for only fully burning turbulent flames in the 
present study and hence the absence of partially extinguished flame states in the 
discontinuous region is not of consequence. 
An interesting observation that can be made from the HMI density profiles is that the 
influence of scalar dissipation rate on the density for the fully burning flamelets is 
rather weak. This indicates that when simulating turbulent non-premixed flames 
which are devoid of any local extinction, considering a single representative scalar 
dissipation rate should yield a mixing field prediction which is more or less similar to 
that obtained when considering the effect of scalar dissipation rate. This has been used 
to advantage in the works of Ranga Dinesh (2007) and Hossain (1999) where 
turbulent non-premixed flames operating far from blow-off have been simulated with 
a single flamelet based approach using LES and RANS respectively. Employing a 
single scalar dissipation is particularly useful in LES where the modelled values of 
scalar dissipation rate fluctuate by large magnitudes often leading to numerical 
instability. 
However, such an approach is not warranted for temperature and species 
concentrations even for fully burning turbulent flames since the effect of stretch on 
peak temperatures and species mass fractions is more pronounced as shown in Fig 
7.Ia&b. Further, if steady flamelets based NO modelling is of interest, then the effect 
of scalar dissipation rate on NO source term profiles needs to be analysed. In Fig 7.2, 
the NO source term profiles required in NO modelling of HMI flame with steady 
flamelets based NO sub-model (SLFM-NO-TRE), are shown. Positive and negative 
peaks which correspond to production and destruction of NO show non-monotonic 
variation in magnitude with change in scalar dissipation rate. Even at moderate non-
equilibrium conditions, the variation is significant. This indicates that that, accounting 
for this variation might be vital for accurate mean NO predictions. Hence, in the 
present study, SLFM calculations in both RANS and LES consider the effects of 
scalar dissipation. A total of 14 flamelet profiles (13 fully burning solutions + I fully 
extinguished inert mixing solution) have been provided as input to the Pre-PDF 
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SLFM code which generates look-up-table of mean scalars for SLFM based turbulent 
flame calculations. 
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Figure 7.2: NO source term profiles corresponding to fully burning and fully 
extinguished steady state solutions. Generated for the HM I flame conditions. These 
solutions are required in NO modelling with SLFM-NO-TRE. 
For the FPV models, the flamelet parameter replaces scalar dissipation rate and it 
facilitates unique identification of all the steady state solutions including the partially 
extinguished solutions. Thus, the discontinuity observed with the set of profiles used 
for SLFM can be bridged with the FPV approach. In Fig 7.3, the flamelet profiles 
used by FPV models based calculations of Berkeley turbulent lifted jet flame (section 
9.1) are shown. The Berkeley flames operate under partially premixed conditions with 
the fuel consisting of a mixture of CH4 and air in the ratio of 1:3 by volume and at a 
temperature of 323 K while the oxidiser consists of vitiated air at 1355 K. At these 
conditions, near equilibrium flamelets possess a partially premixed structure similar to 
the ones observed with Sandia D flame. As the stretch rate is increased, the structure 
tends towards that of a single reaction zone and finally, quenching occurs 
atX".q '" 587 S-I • The partially extinguished states identified by dotted lines provide a 
smooth transition from fully burning to complete extinction. In the present study, a 
total of 153 flamelet profiles (106 fully burning + 52 partially extinguished+ 1 fully 
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extinguished) have been provided as input to the Pre-PDF FPV /) and Pre-PDF FPV ~ 
codes which generate look-up-tables of mean scalars for FPV /) function and ~ 
function based lifted flame calculations_ 
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Figure 7.3: Steady flamelet solutions for fully burning, partially extinguished and 
fully extinguished states. Generated for the Berkeley CH4-Air lifted jet flame 
conditions. These solutions are used for FPV based turbulent flame calculations. (-) 
fully burning and fully extinguished states; (-------) partially extinguished state. 
7.1.2 Steady non-adiabatic flamelets 
For turbulent flame calculations with the non-adiabatic flameIet model, NADM, 
steady non-adiabatic flamelet profiles need to be generated for varying levels of non-
equilibrium conditions represented by Xst as well as non-adiabatic conditions 
represented by enthalpy defect 1;. Here again, only fully burning and completely 
extinguished flamelets need to be generated. Since, radiation heat loss is accounted 
through the external parameter in the form of enthalpy defect instead of a radiation 
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source tenn in the flamelet equations, the equations to be solved are still the same as 
those used for generating steady adiabatic flamelet profiles (Eqs.7.1 and 7.2). 
However, unlike scalar dissipation rate, enthalpy defect does not appear as a variable 
in the flamelet equations and hence coupling enthalpy defect with flamelet equations 
is a challenging problem that needs to be overcome. To this end, a technique which is 
based on the ideas of Hossain et al. (2001) has been developed in the present study. 
Generating a steady non-adiabatic flamelet profile with the developed technique 
requires a two step procedure which is as follows: 
L Steady flamelet equations (Eqs. 7.1 and 7.2) at a given Xst < AA are solved to 
obtain steady flamelet profile which is adiabatic. The resulting adiabatic 
flamelet temperature profile is treated at every point along the mixture fraction 
space with a temperature defect profile 6.T (Z) which is computed from a pre-
defined enthalpy defect using the fonnula: 
6.T(Z) = ~) Cp Z (7.3) 
Treatment of a temperature profile is aimed at imposing the effect of radiation 
heat loss on temperature and hence it involves reducing the adiabatic 
temperature at each location in the mixture fraction space by the temperature 
defect The profile after treatment is thus, T (Z) -16.T (Z)I and represents a 
non-adiabatic temperature profile. Figure 7.4 shows a steady flamelet 
profile before and after the treatment with I6.T(Z)lcorresponding to an 
enthalpy defect of -90.0 kJ/kg. It can be observed from the Fig. 7.4 that the 
treatment results in a profile which is qualitatively identical to the original 
adiabatic flamelet but is unifonnly of lesser magnitude. It is also evident that 
the treatment results in temperatures at the boundaries Z=O and Z= I i.e. air 
and fuel streams respectively, which are not only below the adiabatic value 
of 300 K, but also less than 273 K. To overcome this unrealistic situation, the 
boundaries of the non-adiabatic temperature profile are truncated so as to 
restore the adiabatic temperatures at the boundaries. The mixture fraction 
values at the truncated boundaries thus correspond to a slightly richer 
oxidizer (Zo) and slightly leaner fuel (Zr) as shown in the Fig. 7.4. 
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2. Imposing the values of temperature and species mass fractions corresponding 
to the truncated ends Zo and Zr as boundary conditions, steady flamelet 
equations (Eqs. 7.1 and 7.2) are solved for the given Xs, to obtain non-adiabatic 
flamelet profiles. 
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Figure 7.4: Imposing enthalpy defect on a steady adiabatic flamelet generated for 
HM I flame conditions 
Thus for a given Xs, and t, the non-adiabatic flamelets are generated. Consistent with 
the boundary conditions, the non-adiabatic flamelets have a slightly truncated mixture 
fraction span which ranges from Zo to Zr instead of Z=O to Z=I with the extent of 
truncation directly proportional to the enthalpy defect. For low enthalpy defects, this 
truncation is insignificant to raise concerns over the accuracy of the integration with 
respect to Z (Eq . 5.24) in the mean scalar values calculations. However, it may not be 
so for higher enthalpy defects. Hence, a thorough investigation into this issue has 
been carried out and as shown later in Chapter 8, section 8.2.5, the truncation is 
expected to result in minimal deterioration in accuracy of integrated mean scalars 
throughout the range of enthalpy defects prevalent in the investigated flames. 
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The RANS based non-adiabatic f1amelet model has been tested for HM I bluff-body 
stabilized fl ame and Sandia D piloted jet flame (both discussed in Chapter 8). For the 
HM I flame, en thalpy defects of 0, -15, -45, -60, -75, -90, -105, -1 20, -I SO, -1 80 kJ/kg 
have been considered to cover ad iabatic to an increasing degree of non-adiabatic 
conditions in the fl ame. The variation in temperature and NO source term profiles 
with increas ing level of non-ad iabatic condit ions imposed by enthalpy defect is shown 
in Fig. 7.5. The effect of radiati on heat loss can be observed to be in the direction of 
simultaneous reduction in both producti on and destruction of NO . The shift in the 
peak NO source term towards the fue l rich side can also be observed and this can be 
considered as an indication of the shift in the dominant NO formation pathway. While 
thermal NO domi nates at the near stoichiometric temperatures, the Prompt mechanism 
is more influential at fue l rich conditions. 
For the Sandia D flame which is relatively more radiating, enthalpy defects of -220 
and -250 kJ/kg have been cons idered in addition to those considered for HM I flame . 
For each entha lpy defect, steady non-ad iabatic f1 amelet profiles for X" (I;;) varying 
fro m equilibrium to extinction condition have been generated . The series of enthalpy 
defects can thus be viewed as shelves with each shelf containi ng a set of fu lly burning 
non-adiabati c f1amelet profiles . It is to be noted here that the ex tinction limit of a 
f1 amelet va ri es with enthalpy defect. An increase in cntha lpy defect corresponds to an 
increased heat loss in comparison to the heat generation within a f1amelet and hence 
extinction of a flamelet occurs at a lesser value ofX-" . This behaviour can be observed 
in Fig. 7.6 for the f1ame lets generated for both HM I and Sandia D flame condi tions. 
As previous ly discussed in Section 5.3, Hossain e/ al. (200 I), in their study on HM I 
flame with a non-ad iabatic mode l, cons idered onl y a single flame let profile 
(corresponding to X." = 2.0s- ' ) for each enthalpy defect shelf inorder to reduce the 
pre-processi ng time as well as computational time fo r CFD calculation. With the look-
up-table concept, computational time fo r CFD ca lculations is no longer affected by 
the number of flame lets within an entha lpy defect she lf. However, considering onl y a 
single f1amelet wi thin an entha lpy defect shelf does s impli fy the pre-processing effort 
quite sign ificantl y. 
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Implications of a simpl ifi cation which discounts the effect of scalar dissipation rate on 
fl amelet structure have not been studied by Hossain et al. (200 I). Hence in the present 
work, HM I flame has been studied with both, the non adiabati c flamelet model, 
ADM, where multiple fl amelets per enthalpy defect shelf are considered, as well as 
the non-ad iabatic fl amelet model where onl y a s ingle fl amelet per entha lpy defect is 
considered (NADS). 
7.2 Look-up-tables for SLFM 
For SLFM based RANS and LES turbulent combustion ca lculations, the steady 
adiabat ic laminar fl am elets need to be pre-processed to obta in integrated look-up-
tables for Fav re averaged or filtered thermo-chemica l variables ~ (densi ty, 
temperature, species mass fraction and NO source term) as a function of mean 
mixture fraction Z, its normali zed variance Z;;,;,,,, and scalar dissipation rate X. 
The Pre-PDF SLFM tool has been developed to generate look-up-tables specific to 
SLFM. Steady adiabatic flamelets obtai ned fro m the flamelet calculations are fed into 
the too l along with ordered va lues of the look-up-table parameters Z, Z,;';, .. and X . 
Mean va lues fo r each thermo-chemica l variable if are then obtained at each 
combination of the three parameters by perfo rming numerical integration of the steady 
adiabatic fl amelets with presumed PDFs for mixture fraction p(Z) and sca lar 
diss ipat ion rate P(X.,, ) thereby resulting in a 3D look-up-table . The do ub le integral 
equation which is numericall y evaluated is given by: 
~ I 
~ = f f~ ( Z'X,, ) P (Z ) P (X,, ) dZdX (7 .4) 
00 
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Specification of table properties 
The table properties constitute the range of values for each parameter, the number of 
discrete points to cover the range and the distribution of the discrete points. For each 
parameter, spec ification of the range is guided by the limiting values of the parameter 
in a turbulent flame. The mixture fraction being a normali zed conserved sca lar, its 
mean va lue 2 vari es between 0 to I . For a given 2 , its variance 2'" can take values 
between 0 to a max imum of 2 (1- 2) in the turbulent fl ow fi eld . Since, a single range 
cannot be fixed if abso lute variance were to be used as the table parameter it needs to 
be normalized. In the present Pre·PDF SLFM code, the abso lute va ri ance 2" is 
normali zed (Eq. 7.5) by its maximum va lue for each 2 and the normalized variance 
2;;;,,,, ranges between 0 to I . 
(7.5) 
The mean sca lar dissipation ratex is varied such that it covers the equilibrium to 
ex tinction conditions which vary from one turbulent fl ame to another. 
Specification of the discrete number of points to cover the range of values for each of 
the table parameters and the manner in which they are distributed is carried out such 
that an optimum balance between computational cost and accuracy is achieved. It is 
ensured that the table has enough resolution to provide accurate results from the 
interpolations in LES and RANS and at the same time the computational time and 
memory requirements are kept to a reasonable leve l. For all the tables generated for 
SLFM calculations, size of 163 x 51 x 3 1 (2 x 2,7;,,,, x x) has been considered. This 
preferential allocation allows for accurate capturing of the variation of the mean scalar 
structure which is particularly steep along the 2 axis of the look-up-table . 
The distribution of the discrete points along 2 ax is is directly obtained from the grid 
(Fig. 7.7) used for the flamelet calculations corresponding to equi librium condition. 
While so lving for the fl amelet equations in the FlameMaster code, the grid on the 
mixture fraction space is refi ned automati call y using an adaptive gridding technique 
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according to the steepness of the sca lar gradient The grad ients in scalar structure at 
equilibrium condition are the steepest and hence the grid di stribution along mixture 
fraction is idea l to be emulated fo r the mean scalar structure . In Fig 7.7, the grid 
points can be observed to be densely populated around the stoichiometric mixture 
fraction where high gradients and the dens ity dec reases towa rds the fue l ri ch side. 
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The points along the normali sed mixture fraction variance and mean scalar dissipation 
rate axes of the look-up-table are di stributed using power-law fit. 
(7.6) 
For 'I' = Z;';m, the grid count i varies from I to 51 and the constants a and b take the 
values o f 5.0 and 2.95 respective ly. For '1J = X, the grid count i varies from I to 31 
and the constants a and b take the values of 6.0 and 6.5 respective ly. The di stri butions 
for Z,7;,", and X are shown in the Fig. 7.8 . 
Numerical integration 
Once the table properties are specified, the values for Z , ~ (and hence Z·2 ) and X 
are known at every cell in the table . Numerical integrations can then be performed for 
every cell in the table and for every sca lar of interest. Numerical evaluation of Eq. 7.4 
is based on the ideas proposed by Lentini (1994) and Hossa in ( 1999). Limited number 
of tlamelets ( 13 fully burning + I fully extinguished) are cons idered and each is 
represented by XI. Integration range 111 X.<I is then split into L subranges 
[ XI-I 12 ,XI+I12 ], with /=1,2, .... L (in particular X, 2 = 0), such that XI IS a 
representati ve value fo r the corresponding interval. The approxi mate fo rm of Eq.7.4 
then reads: 
L I 
i = ~ t ': p(X" )dX" !<b( Z,XI )P(Z)dZ (7.7) 
Evaluation of the two integrals requires the knowledge of P (X,,) and P (Z) and they 
are presumed to fo llow log-normal and P function distributions respectively. 
I 
Evaluation of the integral f<b(Z,xI)P(Z)dZ: 
o 
The mixture fraction integra l with P function distribution is given by: 
'f - r (a + b) 'f ( ) a-I ( ) b- I ~(Z , X, )P(Z)dZ= () () ~ Z,X, Z I -Z dZ 
o ra r b 0 
(7.8) 
Where the functiona l dependence of the constants a and b on Z and Z"2 is given by: 
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(7.9) 
(7.10) 
The above integral with respect to mixture fraction is then numerically evaluated by 
using Romberg ' s method with mid-point approximation (press el ai, 1993). Two 
numerical difficulties are associated with calculation of the integral in Eq 7.8. The 
fi rst difficu lty a ri ses at the limits of the integral, Z=O and Z= I, where a or b can take a 
val ue less than unity thereby leadi ng to singularity. This problem is overcome by 
adopting the method suggested by Bray el al. (1994) and Chen el al. (1994) accord ing 
to which the integra l is spl it as below: 
1 ~" H ~b J,p( Z, XI ) Z,,-I (1 - zt dZ ;: - ,p (0) + J,p( Z, XI ) ZO-I (1- Z)' -I dZ +- ql( l) (7. 11 ) 
o a , b 
where ~ represents a very small number, taken as 10-30. 
The second difficulty which needs to be overcome is the overflow problem caused 
when the computed va lues of a and b reach several hundred thousands in magnitude 
during the iteration process. Accord ing to the characteristics of ~- fllnction , the 
di stribution is c lose to a delta fu nction when a or b is adequately large. Hence the 
overflow problem is tackled by approximating f> ( Z ) to a 0 function (Eq. 7.12), when 
the va lue of a or b is large. A value of 500 has been set as the limit. 
f>(Z) =o(Z-z) (7. 12) 
Evaluation of th e integra l f"" f>(X,, )dX : 
;(/-1 z 51 
Employing log-normal distribution for p(X.,, ), the integral is given by: 
i".' , -() I'''' , I [ I ( )2] P X" dx = r;;-exp ---2 In x." -f-J. dX ." I-I : .~I 1_1 1 X av27t 20-
" 
(7.13) 
where the parameters f-J. and er are related to the mean scalar diss ipation rate X by 
(7. 14) 
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Introducing variab le 9 = (in X." - f-1) / 12cr , the integra l in Eq. 7. 13 is reduced to, 
rl,., , -() I ~"" - 0' I [ ( ) ( )] 1. P X." d X = r j" e d9 = - elf 9,+1 , -elf 9
'
_1 , :< I ~I 2 .ft" 1t /· 1 2 2 
(7. 15) 
Where elf denotes error function and its argument is given by: 
9 =_1_ 1n(XI.1 ,)-~ 
1<1' 12cr X 2J2 (7. 16) 
In the set of flamelet profiles considered for the calculation, one of them corresponds 
to inert mixing wh ich represents post-quenching state . In order to accuratel y account 
for contribution of the inert state, the integration range is divided into subranges in 
such a way that XI._I , = X."." (flamel et at quenching lim it) and %[,+1/ 2 = %'" (post 
quenching). 
The final forms of the approx imated equations for fi ltered densi ty and Favre averaged 
(or filtered) sca lars ;j are given by: 
[ 
- ]-1 _ _ I. I . _ p(Z) 
P - L -[elf (9
'
+1 , ) - e 1f (9 ,_1 ,)J1 ( . ) dZ 
1=12 P Z,X, 
(7 .1 7) 
(7 .18) 
The chosen number of L= 14 fl amelets have been found to provide adequate accuracy 
and a reasonably good turn around time. The computationa l time for generation of3 D, 
163x5 lx3 1 s ize look-up-tables fo r p,t, 6 species and NO source term is kept to less 
than a day on a 2GB RAM Intel Pentium 4, 3GHZ processor. Figure 7.9 shows 
examples of 3D look-up-tables for mean temperature generated fo r HM I and Sandia 
o flame conditions. The mean structure can be observed to closely follow the laminar 
structures in Fig. 7. 1 a&b. The variation in stTucture with respect to the mean mixture 
fraction, its normalized variance and the mean sca lar di ss ipation rate can be observed. 
Similar tables haves been created with Berkeley lifted flame conditions (section 9.1 ) 
for SLFM ca lculat ions in RANS and LES. In LES, the tables are read as filtered scalar 
va lues (e.g . filtered temperature) as a fu nction of filtered mixture fracti on, subgrid 
normali zed variance and filtered sca lar dissipation rate. 
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Figure 7.9: Structure of 3D look-up-tables fo r integrated temperature (K) for SLFM 
calculations. Generated for HM I flame (top) and Sandia D (bottom) flame conditions. 
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7.3 Look-up-tables for NADM 
In the non-adiabatic f1amelet model, NADM, which has been developed for RANS in 
the present work, the turbulent mean va lues of the thermo-chemical variables ~ are 
dependent on Z, Z,,2, X and additiona ll y on the enthalpy defect t . Hence for turbulent 
fl ame calculations based on thi s model, 4D look-up-tables of the form given in Eq. 
7. 19 need to be generated for each mean reacti ve scalar ~ (density, temperature, 
species fract ion and NO source term). To this end, an extended version of Pre-PDF 
SLFM called Pre-PDF NADM has been developed. 
(7. 19) 
The Pre-PDF NADM tool takes the steady non-adiabatic f1 amelets as input and 
conducts numeri ca l integration for each reactive sca lar of interest for each ce ll in a 4D 
table. As part of the specification of table properti es, the range and distribution of 
enthalpy defect t points needs to be specified in addition to those for Z, Z;';, .. and X 
which take the same definitions as with Pre-PDF SLFM. For HMI fl ame conditions, a 
range of 0 (adiabatic) to -180 kJ/kg is specified for the mean enthalpy defect t and 
this span has been covered by 10 uni formly spaced po ints. For Sandia D flame 
conditions, a slightly higher range 0 to -250 kJ/kg has been specified and thi s has been 
covered by 12 uni fo rml y spaced points. Thus, the sizes of look-up-tables for HM I and 
Sandia D fl ames fo r NADM mode l based calculat ions are 163x5 1 x3 1 x I 0 and 
163x5 1x3 1x l2 (Z ,Z;;;m" X,t) respectively. The equation for eva luation of mean 
scalars with NADM model is given by: 
co I £;_ 
~ = f f f <fJ (Z;X,,;{,)P(Z)f>(X-,, )P(C, )dC,dZdX ,, (7.20) 
00 __ • 
Since the f1 amelet structures are now a function of enthalpy defect as we ll , a limited 
number of enthalpy defect shelves are considered for the integrations and within each 
shelf, a limited number of flam elets corresponding to fu ll y burning and ex tinguished 
states are considered. For ca lculating tables fo r HM I fl ame, a total o f 10 enthalpy 
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defect she lves are considered with the total number of non-adiabatic fl amelets equal 
to 100. For Sandia D fl ame, a total of 12 enthalpy defect shelves are considered with 
the total num ber of non-ad iabati c fl amelets equal to 120. 
The approx imat ions made in Pre-PDF SLFM in rega rd to the integrations with respect 
to Z and X" are enforced here as well. The additional requirement here is to account 
for P(s) and thi s is assumed to fo llow 8 function. Thus, the third integral with 
respect to enthalpy defect can be dropped and the task is reduced to interpolation 
thereby bringing down the overall computational effort to a tractable leve l. However, 
the 4D computa ti ons still demand a turn around time which is - 10 times that required 
for generating 3D look-up-tables for SLFM . The fina l equations for mean density and 
scalars take the fo rm: 
(7.2 1 ) 
(7.22) 
The number of sub-ranges into which the integration range of the sca lar diss ipation 
rate is split, is now a function of enthalpy defect L = L (S). As prev ious ly di scussed, 
extinction limit o f a non-adiabatic fl amelet increases with the increase in enthalpy 
defect. Hence the range o f x." fo r fully burning states reduces. This is ex ploited to 
gain computati ona l effi ciency by considering a lesser number of fl amelets in higher 
enthalpy defect she lves . The 8 function in the above equations is treated by employing 
a linear interpolati on. If m denotes the index of the enthalpy defect shelf, such that the 
value ~ fo r a parti cular cell in the table lies in the range s m $;S <Sm-I> then the 
interpolation o f any mean quan tity is carried out as 
- -
]. = S - S". ]. + S".-I - S". ]. 
'I' r r r,,,- I r r '/1., 
'?/II- I - ~m '?m- I - '?m 
(7.23) 
Where ;Pm stands fo r: 
(7.24) 
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7.4 Look-up-tables for FPV models 
The ' Pre-PDF FPV 0' and ' Pre-PDF FPV P' tools have been developed to generate 
look-up-tables for LES or RANS turbulent flame calculations employing FPV 0 
function and FPV P funct ion combustion models respectivel y. The Pre-PDF FPV 0 
generates 3D look-up-tables for mean values of each thermo-chemica l variable of 
interest, parameterized by 2,Z,;;,,,, andC. The Pre-PDF FPV P generates 4D look-up-
tables paramete ri zed by 2,Z,;,;,,,, ,C,;,;,m and C. 
With the FPV approach, generation of mean va lues fo r any thenno-chemica l variable 
if! from its flamelet profiles is based on the equation: 
" -~ = J J if!(Z,A)P(Z)P(A)dAdZ (7.25) 
o h",,~ 
This equation has a form identical to that in SLFM with the sca lar dissipation rate 
now replaced by a fl amelet parameter A which parameterizes the fl amelets. However, 
the critica l difference here is that if!(Z ;A) now represents a complete set of steady 
namelet profiles (fu ll y burning + partially extingui shed + fu ll y extingui shed) which 
cover the entire S-curve (Fig. 5.2). The A for each fl amelet corresponds to Cm", for 
that particular fl ame let. Thus, the flamelet corresponding to equilibrium condition has 
the maximum A (Am,,) while a complete ly extinguished flamelet has 1.=0 . In order to 
have the integra l limits A""" and Ama, varying from 0 to I in Eq. 7.25, a ll the fl amelets 
are parameteri zed by a normalized fl amelet parameter"., which is equa l to AI A""". 
Adopting the standard practice, the PDF for Z is assumed to follow a P function. The 
PDF for the flam elet parameter p(A) has been tested in the current work with a 0 
function and a P function which leads to the two different FPV models and hence the 
two different look-up-table generation tools. Look-up-tables when generated using 
above equation, are in the flamelet parameter (A) space and have the following fo rms 
depending on whether 0 function or P function is used for P (A) : 
(7.26) 
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The flamelet parameter A (defined as Cm"" in the present study) has been introduced in 
the FPY approach with the only purpose of facilitating consideration o f partially 
extingui shed flame1et states along the S-curve (F ig. 5.2) which is not possible with 
scalar di ssipation rate. The fl ame let parameter does not hold any meaning in a 
- -,-
turbulent fl ame unlike the sca lar dissipation rate. Hence, A and A:.,", cannot be 
computed as part of the so lution in LES or RANS. This poses an impediment to the 
use of look-up-tables generated in t.. space for turbulent flame calculations, To 
overcome thi s, ~ and A:~,", in the look-up-table are replaced by the quantities C and 
C,;;,", which can be read ily obtai ned in LES or RANS. 
Thus, additional calculations are needed to convert look-up-table in flamelet 
parameter or t.. space to the progress vari ab le or C space and this is ac hieved through a 
re-mapping or re-interpolation procedure. The tools ' Pre-PDF FPY 0' and ' Pre-PDF 
FPY Ware deve loped such that they conduct both the tasks of numerical integration 
of fl amelet profiles as well as re-mapping, 
7.4.1 Pre-PDF FPV S 
The inputs to be specified to thi s too l include the complete set o f steady flamelets 
parameterized by the flamelet parameter A" and the properties for two tables. The 
fi rst table is in the t.. space and parameterized by 2, Z,;;,", , );, while the second is in the 
C space and parameterized by 2, Z,;';,,,, and C . For each table, the range, the number of 
points and their di stribution for each table parameter needs to be specified . However, 
both the tables share the same properties as far as 2 and Z,;,;,", are concerned. 
Both 2 and Z::;'.", a lways range !i'om 0 to I in a turbulent flame and hence the same 
has been used for the table. The range for );' as well is specified to vary from 0 to I. 
However, for C , the range is dec ided based on the maximum value of C within the 
complete set o f steady flame1et profiles. In Fig 7.3, progress variable profiles from a 
complete set of flam elets generated for the Berke ley CH4/air flame conditions are 
shown and the max imum value of C can be seen to be - 0.17. Since, the max imum 
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mean or filtered mean value of a scalar in turbulent flame cannot exceed the 
maximum va lue in the flam elet, look-up-tables for Berkeley CH4/a ir flam e conditions 
use a range of 0_0 to 0.1 7 forC. 
The number of points and the manner of their di stribution are identical to 
those used in Pre-PDF SLFM. For both ~ and C, 151 points with uniform di stribution 
has been specified . Thus the size of the final 3D look-up-table is 163x5 1x15 1 
Numerical integration 
Within each cell of the table, approximated form of Eq.7.25 is numeri cally integrated 
for each scalar of interest. Adopting Ii function fo r P(A) , the Eq. 7.25 takes the form: 
[ [ 
~ = ff~ ( z, A" ),B( Z; t, Z'" )/)( A" - ~)dA"dZ 
00 
(7.27) 
Numerical integration of mixture fract ion integral is carri ed out UStng the same 
procedure as the one described for SLFM in section 7.l.3 and the /) function is treated 
by linear interpo lation similar to the marUler it was dea lt fo r NADM (section 7.1.4). 
The scalars for which the integrations are carried out include the density p, 
temperature T and species mass fracti ons Yi, progress variable C and progress variable 
source term ciic . The mean progress variable calculated here is referred by Cs!, to 
differenti ate it from the table parameter C which is representative of the mean 
progress variab le obtained in a turbulent fl ame ca lculation through the solution of its 
transport equation. Look-up-tables resulting from the integrations are in A space and 
take the following form: 
- - ( - --;;r - ) - -( - --;;r - ) - - (- --;;r - ) p=p Z,ZlIorm,A ;T = 7 Z,ZmJrlll ' A. ~ Y i = Yi Z,Z,wrm'A. (7.28) 
- - (- ---,- -) - - (--, -) Csfe = C.91! Z, Z,70rlll I A. ; Wc = Wc Z I Z;:orllll A. 
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Re-mapping 
In Chapter 5, Section 5.5.2, it has been mentioned that a constraint equati on (Eq. 5.43) 
needs to be satisfied for the FPV 0 function model to be consistent and by means of 
sati sfying the constrai nt, the need to ca lculate ~ in LES or RANS can be elimi nated. 
The gist o f the constraint is that the C obtained from the transport equation solution 
in CFD should be equal to that obtained from integration of the tlamelets C .• , . Thus, 
(7.29) 
In the context of look-up-table, C is the table parameter for the look-up-table in C 
space. Satisfying this constra int forms the basis of the re-mapping procedure which is 
applied to each of the look-up-tables for temperature, density, species mass fraction 
and progress variable source term. 
The re-mapping procedure developed in the present work is as follows : 
For every combination of i and Z,7;,. which are com mon to both A. space and C 
space tables, 
~ tcp: 1 Value of C .• , are extracted for the entire range of ~ from its look-up-table in 
A. space. Simi larly values of the scalars, temperature, density, spec ies mass fractions 
and progress variable source term are extracted from their respective look-up-tables in 
A. space. In Fig 7. 10, 3D look-up-tables for C .• , and t are shown. Also, the extraction 
of values from each look-up-table has been illustrated through dashed lines 
corresponding to the combination of Z = 0.6 and Z;';,m = 0.4. Both the look-up-table 
structures have been colored by the contours of ~ and it can be observed that the 
lowest point of the dashed line corresponds to the point A. = 0 while the top most 
point corresponds to ~ = I and thus the dashed line covers the entire range of ~ . The 
ex tracted va lues for C .• , and t are shown in Fig. 7. 11 . 
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Figure 7.10 : The 3D look-up-tables in A. space generated for Berkeley flame 
conditions. Structures of mean progress variable (top) and temperature (bottom) 
colored by the mean flamelet parameter. 
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Figure 7.11 Extracted scalar data as a function of 5:: for Z = 0.6 and 2,7;, .. = 0.4. 
Step 2: Satisfying the constraint C = Cv, means that C = C( 5::) is now available from 
the extracted data for C'f" Hence, for every ordered va lue of the table parameter C , 
the corresponding value of 5:: is obtained by interpolating the extracted data for C.v, . 
Using the interpolated value of5::, corresponding values of each scalar is obtained by 
interpolating its extracted data. For example, the extracted data for j (F ig. 7.11) 
provides t = t (5::) which facilitates interpolation. Thus, for every ordered value of 
C, the scalars t, 15, Y, and ciic are known at the given Z and 2,7;,,,, . In cases where the 
extracted data for C'fe does not cover the entire range ofC , all the values of 
C > (Cv, ) are made to correspond to 5:: = 1.0 . The extracted data shown in Fig 7.1 I 
maT; 
is a typical case where the extracted data for C.v, ranging from 0 to 0.136, does not 
cover the complete range of C which varies from 0 to 0. 17. Hence for each value of 
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C >0. I 36, the corresponding va lues of A are set equal to 1.0 and the scalar data 
correspond ing to A = 1. 0 is subsequently obtained. 
Thus, by looping over each combi nation of Z and Z;;,;,,,, and performing the operations 
in steps 1 &2, the look-up-tables for the scalars t , 15, 9, and ciic are obtained in C 
space: 
t t( - ---;z - ) - - ( - ---;z -) - - ( - ;:-;;r -) = Z,ZlIo,m' C; P = P Z,Zno,m'C ; y, = y, Z,Zt/Onllle (7 .30) 
7.4.2 Pre-PDF FPV {3 
Similar to Pre-PDF FPY 0, the inputs to be specified to thi s tool include the complete 
set of steady fl amelets parameteri zed by the normali zed fl amelet parameter A" and 
the properties fo r two tables. The table in the A space is parameterized by 4 
variables, Z, 2/;02,m ,5:. and addi tionally 
parameterized by 2, 2,7;,", , C and C';;rm . 
A'2 
lIorm whi le the table in C space IS 
The range, number of po ints and their distribution for Z ,Z,;,;, .. ,5:. and C are identical 
to those specified fo r Pre-POF FPY O. The abso lute variance of A" is given by A'2 
and it varies [Tom 0 to 5:.(1 -5:.) given that the max imum value of 5:. is I. However, for 
tabulation purposes a normali zed variance A~~, .. = A '2/ 5:. ( I - 5:. ) which varies from 0 
to I is used. The absolute variance of progress variable C' 2 is as well no rmalized by 
its maximum va lue which in thi s case is C ( c,,"'" -C) with C",a. = O. 17 . Thus, the 
normali zed progress variable variance C,;,;'''' = C' / C (0. 17 - C ) varies fro m 0 to I.A 
total of 3 I uni formly di stributed points have been se lected to cover the range for 
A~!,,,, and C,;:"" . Thus, the calculations are carried out for 40 look-up-tables of size 
163x5 1 x 151 x3 1 (Z x 2 ,';Q2,1II x ~ or C x "';::rm or C,7(!", ). 
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Numerical integration 
Approximated form of Eq.7.25 is numerically integrated for each sca lar o f interest 
wi thin each ce ll in the 4D table. Adopting ~ functi on for P (A), the Eq. 7.25 takes the 
form: 
I I 
i = J J~ (Z; A" ) j3(Z;t,Z' 2 ).B(A,, ;~,A'2 )dA,, dZ 
00 
(7.3 1 ) 
Both the mixture fraction and flame let parameter integrals carrying the ~ function are 
evaluated using the same procedure as the one described for mixture fracti on integral 
in SLFM in section 7.1.3. The numerical integrations are carried out for all the scalars 
computed in Pre-POF FPV 0 i.e. the density p, temperature T and species mass 
fractions Yi, progress variable C and its source term ooe . Aga in, the mean progress 
variable computed here is referred by C.if< to differentiate it from the table 
parameterC. In addition to these sca lars, two more quantiti es need to be calculated 
and they are the variance of progress variab le C" .if< and the covariance o r correlation 
of the progress variable and its source term C'oo; . These quantities are evaluated from 
the equations: 
I I 
C"life = J J( C(Z,A,, )-CifJ .B(Z;t, Z"2 ).B( A";~,A" 2 )dA,,dZ 
00 
(7.3 1 ) 
I I 
C"OO; = J J( C (Z, A,, ) - ( re )( OOe (Z; A. ) - cbe).B (Z; t , Z'2).B( A,,;~, A'2 )dA"dZ (7.32) 
0 0 
Thus, the foll owing 40 look-up-tables are computed in A space: 
(7.33) 
C" C" (z- z'" ." " ) C'· ' C" . '(Z- Z" ." " ) 
·ife = ·ife '"or",'fI.,lI. lIorm ; Wc = roe I IIorm'II.. ,"'"",,,, 
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Re-Mapping 
The re-mapping procedure for 40 tables is developed on a basis similar to that for the 
3D look-up-tables in Pre-POF Fry o. In Chapter 5, Section 5.5.2, two constraint 
equations (Eq. 5.54) have been presented and it has been mentioned that that these 
two equations should be sati sfied for the FPY P funct ion model to be consistent and 
by means of sa tisfying both the constraints, the need to calculate i.. and ,,-"' in LES 
or RANS can be e liminated. Thus, with the Fry P function model , 
- - -,-, 
C = Cif. and C" = C"- sf' (7.34) 
In the context of look-up-table, C and C" represent the table parameters for the look-
up-table in C space while C.if, and C '.if. represent the va lues obtained from the 
integration of the steady flamelets. 
The re-mapping procedure for the 4D look-up-tables is as fo llows: 
For every combination of Z and Z,;';"" which are common to both the "- space and C 
space tables, the following operations are performed: 
Step 1: Yalues of C.if• and C '.if' are extracted for the entire range of "- and "-:~m' 
from their respective look-up-tables in "- space. Similarly, data is extracted for all the 
other sca lars as a function of i.. and "-:!,'" . In the present context of the 40 tables, 
each of the 3D look-up-tables shown in Fig. 7.10 can be regarded as the limiting case 
where ,,-" - 0 lIorm - . 
Step 2: A schematic of the extracted data for each variable stored as a function of i.. 
and "-:~'''' is shown by the 20 array in Fig. 7. 12. Satisfying the two constraint 
equations implies that for every combination of the va lues of the table parameters C 
and C,;,;,m , corresponding combination of values of i.. and "-:~'''' can be obtained by 
performing interpolations on the C.if, and C ' .if. data sets. The interpolations for every 
combination of C and C,;,;,,,, is further di vided into 3 steps. 
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Step 2.1: Interpo lation is first performed for the given va lue of C in each row of the 
20 array shown in Fig 7_ 13a to obtain corresponding value on_. The output (Fig 
7. 13b) is a one dimensional array of interpolated values of5:. denoted by 5:. * each of 
which corresponds to C but at different values ofA.:'L", . 
Step 2.2: Using the 5:.' array, corresponding C" .if' * is obtained by interpolating the 
C 2if' data. The output of this operation (Fig. 7. I 3c) is a one dimensiona l array of 
C" .if" stored as a function ofA.:,~,,,, . 
Step 2.3: Interpolation is now performed for the va lue C"' using C" * data to lIorm ·ifc 
find the corresponding A:';,,,, value denoted by A:'~'m * . 
Step 2.4: Finally, by back tracking, the va lue of 5:. * which corresponds to A:'~,,,, * 
and denoted by 5:. *. is found. The va lues 5:. *. and A:'~,,,,' are a unique combinati on 
obtained for the given C and C,;,;'''' . Thus, the task of obtaining obtained the values of 
5:. and A:'~,,,, corresponding to every combination of C and C,;;'''' is accomplished. 
Values fo r the scalars, j5 ,f ,Y, ,roe and C"ro; are obtained for each combination of 
- -,-
C and C,;n,,,, ' by performing interpolations of their respective 20 arrays for A 
d· 0'* d , .2 d ' t " , • correspon mg to I\. an lI. ,wrm correspon mg 0 A.,mrm . 
Looping over each combination of Z and Z;;,;,,,, and performing the operations in steps 
1&2, the 40 look-up-tables for the sca lars j5 , t , Y, ,roe and Cro; which are of interest 
in LES and RANS computations are remapped to C space. 
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for);' and A:~m' corresponding to every combination of C and C,;;'''' 
- 162 -
Chapter 8 
Modelling of Turbulent N on-premixed 
Bluff-body and Jet flames 
Turbulent non-premixed fl ames for which experimental data is readi ly avai lable, have 
been modelled in RANS to assess the performance of the non-adiabatic model a long 
with its steady and unsteady NO submodels, implemented in the in-house RANS 
code. The predictive capability of the non-adiabatic model in conjunction with non-
ad iabatic steady and unsteady NO submode ls has been va lidated against experiments 
as we ll as predictions from its adiabatic counterpart, SLFM. The modelling work also 
provided a means of verifY ing the overall accuracy of numerical implementation of 
the different models (turbulence and combustion) and strategies. 
The Sydney CI-I4/1-12 bluff-body stabilized flames (Dally et aI., 1998a, 2003) and the 
Sandia D piloted jet flame (Barlow and Frank, 1998; Schneider et al. , 2003) have 
been chosen as test cases. The Sydney blu Ff-body flames present themse lves as idea l 
model problems for stud ies on turbulence-chemistry interaction s ince the complexity 
of the flow characteri stics is close to that found in practical combustors while the 
geometry is s imple and the boundary conditions are we ll -defined. Since, the fuel is 
based on the simplest of hydrocarbons, modelling studies are benefited from the 
ava ilability of accurate chemical mechanisms. Moreover, the experimental data is 
ava ilable for flow, mixing field and compositional structure including the pollutant 
o and thus they facilitate a comprehensive validation of the models. The bluff-body 
fl ames have thus been selected as target fl ames for the modelling community in the 
bi-annual Turbu lent Non-Premixed Flames workshop (TNF). Detai ls of the 
experimental set up for the bluff-body flames, conditions and observations on the 
genera l flame structure are first presented in section 8. 1 of thi s chapter. 1n the current 
numerical study on bluff-body flames, performance has been assessed for the RST 
turbulence model using the steady laminar flamelet model which is basically an 
adiabati c formulation, the non-adiabatic flamelet models and the different NO 
Modelling of TUl'bulent 'on -pl'emixed Bluff-body and Jet Flames 
submodels (steady/unsteady, adiabatic/non-adiabati c). Results from the study are 
presented in sect ion 8.2. 
While the bluff- body flames did prove useful in evaluating the relative performance 
of di ffere nt models, their weak ly radiating nature demanded further va lidation of the 
non-ad iabatic combustion model and its NO submodels on a relative ly stronger 
radiative fl ame. The Sandia D piloted jet flame which is also one of the target fl ames 
in the TNF workshop has been chosen as the second test case as it not only offers all 
the modell ing advantages which are associated wi th Sydney bluff-body but it is also 
has much simpler fl ow characteri stics and more importantl y exhibits re lati vely 
apprec iable effects of radiation heat loss. Detail s of the experimental set up and 
conditions for the Sand ia D fl ame are presented in section 8.3. The numerica l 
computations were carried out with both adiabatic and non-ad iabati c fl am elet 
combustion models and steady and unsteady non-ad iabat ic NO submodels. Results 
obtained from the computations are discussed in section 8.4. 
8.1 Experimental study of bluff-body stabilized 
flames 
The bluff-body burner used for experimental investigation of the flam es by Dally et 
al. ( 1998a; 2003) has an outer diameter, D. of 50 mm and a concentric jet diameter DJ 
of 3.6 mm. A wind tunnel with an ex it cross section of 254 x 254 mm encloses the 
burner till the burner exit. Fig. 8.1 shows a schematic of the bluff-body fl ame along 
wi th measurement locati ons. The distance of these locations from ex it of the burner is 
normalized by bl uff-body diameter D. Single point Raman/Rayleigh/LIF technique 
has been used by Dally et al. (1998a) to measure temperature and the concentration of 
stable species CO2, CO, H20, H2, O2, N2 as well as concentration of OH and NO. 
Compari sons of measurements with predictions from several numerica l wo rks (one 
such work is that of Hossain, 1999) in the past have shown signifi cant disagreement in 
the CO mass fraction, with the Raman scattering measurements of CO being much 
higher than predictions from modelling. The Raman scattering measurements of CO 
in methane fl ames were found to suffe r from laser-excited-interference from higher 
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hydrocarbons formed on the rich side of the fl ame. Hence, Dall y et al. (2003) re-
measured the CO mass fractions using two-photon laser induced fluorescence 
(TPLlF) technique. The updated CO data has been used for va lidations in the present 
work. 
The bluff-body test cases adopted in the present work are the HM I e and 1-1 M I fl ames. 
The fue l used in these fl ames is a mixture of 50% of CH4 and 50% of 1-1 2 by vo lume. 
Table 8.1 shows the experimental conditions fo r these two fl ames. It can be seen that 
the fl ames operate far from blow-off which is a pre-requi site fo r steady fl amelets 
based models which are incapable of reproducing loca l extincti on and re-ignition. The 
primary test case in the study is the HM 1 flame for which experimental measurements 
in the form of radia l profi les mixing fi eld, temperature and compositional structure are 
available. Although measurements were initiall y made ava ilable fo r mean and 
fluctuations of velocity for BM I cond it ions, the accuracy of measurements was called 
into question and hence to provide more reli able mean ve locity data , velocity 
measurements have been repeated although with s li ghtly different ve loc ity conditions 
resulting in the HM I e flame. However, both HM I and I-I M I e correspond to the same 
blow-off limit and the diffe rences in inlet veloc ities have negligible effect on the 
mixing fie ld, temperature and compos itional structure. Thus, in the present work, 
simulations for HM le cond itions were conducted so le ly for validation of flowfie ld 
whi le the bulk of the va lidations requi red the use o fl-lM I cond itions. 
Fuel Flame ll;(lIIl s) / Re] %Blowoff Tin 2 s1 Tad(K) 
Udllll s) (K) 
CH4 HM I 11 8/40 15800 50 
298 0.05 2265 ( I : I ) I-IMl e 108/35 1446 1 50 
Table 8.1: Investigated Bluff-body flam es and their conditions 
8.1.1 Ex perimenta lly observed flame structure 
The structure of a j et dominant (greater j et momentum) bluff-body stabilized fl ame is 
presented in Fig. 8.1. It is characterized by three di stinct zones. The first zone consists 
of recirculation created by flow separati on due to presence of bluff body. 
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XlD= 13.50-
XlD = 9.00-
XlD=4.50-
XlD = 1.80-
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XlD = 0.90-
XlD = 0.60-
XlD = 0.26-
Jet-like 
propagation 
Neck zone 
Recirculation 
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Central Fwl Jel 
••• ' Ctr&lric: 8tufr-Boay 
F.ee, oSOmm 
Figure 8.1: Schematic of bluff-body burner, and stabili zed flame with measurement 
locations. (Bottom figure : www.aeromech.usvd.edu.aulthermofluids) 
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This recirculation zone fac ilitates stabili zation of the fl ame as the hot products of 
combust ion are made to mix with the reactants. This zone has an outer vortex close to 
the co flowing air and inner vortex (not shown in the figure) close to central fue l jet. 
Pos ition of inner vortex is dependent upon the fue l jet velocity. It shi fts downstream 
on increasing the velocity and at suffi ciently high velocities it becomes part of the j et. 
Also, the outer vortex becomes shorter and smaller. Downstream of the rec irculation 
zone is the region of intense mixing where local exti ncti on and blow-off could occur 
when the fue l jet velocity is increased. This is termed as neck zone and is a region of 
particu lar importance for testing a combustion model for its accuracy in predicting 
extreme non-equilibrium effects like local extinction. The third zone behaves like a j et 
and at sufficientl y high veloci ti es shows re-ignition. 
8.2 RANS modelling of HMIe & HMI flames 
The CH4/Hz bluff-body fl ames have been studied using the RANS modell ing method 
by a number of researchers prior to the current work. Dally et al. ( 1998b) conducted 
numerical investigation of these names to arri ve at a modified k-e model and 
Reyno lds stress model wh ich pred ict the spread ing rate of the j et better than the 
standard models. The modifica tion involved replacing the standard value of the 
constant C, I in di ss ipation rate equation from 1.4 to 1.6. Merci et al. (200 I) 
investigated the bluff-body diffusion name wi th a new cubic turbulence model based 
on non-linear eddy viscosity approach. Li et al. (2003) tested Reynolds stress model 
based turbulence closure on HM I e name with di ffe rent pressure-strain mode ls and 
fo und that the ' lsotropization of production' model with the modified Cd gives good 
agreement overall. Adopting the best practices advocated by these studies, the 
Reynolds stress and k-e models used in the present work employ the same 
modification. The above works concentrated mainly on studying the sensitivity of 
accuracy of pred ictions to turbulence modelling techniques and hence employed only 
simple combustion models like fast chem istry and equilibrium chemistry with 
presumed PDF fo r mixture fraction. Relative ly complex and comprehensive 
combustion modelling techniques have been adopted for the bluff-body fl ames by 
severa l other researchers. 
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Liu et al. (2005) employed the Joint PDF model with augmented reduced mechanism 
for the bluff-body flames with varying blow-off limits. They found quite good 
agreement with experimental data for the fl ame fa r from extinction in regard to 
temperature, major and minor spec ies including CO and OH. However, NO was 
overpred icted . Kim and Huh (2002) applied the CMC model to study bluff-body 
methane-hydrogen diffusion flames with three d ifferent chemica l mechanisms 
including OR] 2. 11 and found overprediction of NO in all the three cases although 
ORI 2.11 was the best amongst the three. Hossain et al. (200 1) conducted 
investigation on the HMI flam e using stead y laminar f1amelet and a non-adiabatic 
fl amelet model based on enthalpy defect to investi gate the effect of radiation heat loss 
on the thermo-chemica l structure. They employed a reduced mechanism of Peters 
(1993) for hydrocarbon chemistry and the turbulence was modelled by the modified 
k-E model. They fo und that the consideration of radiation heat loss has minimal 
effects on the compositional structure of flame . However, effects o f radiation heat loss 
on the pollutant NO were not tested and the non-adiabatic f1amelet model did not 
include the effects of scalar dissipation rate on the thermo-chemica l structure of the 
turbulent flame. [n a separate study with steady fl amelet model in conjunction with 
modified k-E model and reduced hydrocarbon chemistry, Hossain and Malalasekera 
(2003) conducted study on NO with a 3 step thermal NO mechanism and found 
significant underprediction thereby underlining the need fo r a detailed account of NO 
reaction pathways. Another re latively recent work which employed steady laminar 
fl amelet model is that of Yan et al. (2004) w ho assessed the influence of turbu lence 
model on combustion ca lcu lations. They found that the explicit algebraic stress model 
and k-E model with varied anisotropy parameter perform better than standard k-E 
model from comparisons of mix ing field , temperature and major species. 
Present modelling of the bluff-body fl ames di ffers from the reviewed works in that it 
uses for the first time, the conjunction of flamelet model (adiabatic and non-adiabatic) 
based on detai led chemistry and Reynolds stress transport (RST) model. A 
combinat ion which is expected to be of practical interest since it strikes the right 
ba lance between accuracy and computational efficiency. It is noteworthy that the 
RANS predicti ons from HM I e and HM I flames simulated in the current study using 
steady (ad iabatic) laminar fl amelet model and RST turbulence closure have provided 
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new contTibutions (Ravikanti and Malalasekera, 2006) to the modelling database at 
the TNF 8 workshop (2006). 
The set of simulations that have been carried out on HM I e and HM I flames and the 
specific models that have been used for each simulation have been li sted in Table 8.2. 
The motive behind these simulations is to not onl y verify the prediction capability of 
non-adiabatic fl ame let model and its NO submodels against their adiabatic 
counterparts, but a lso to study the individual effects of considering radiation heat loss 
and transient effects on the pollutant NO. In addi tion, the sensitivity of predictions to 
the adopted chemical mechanism has also been verified. All the simulations li sted in 
the table have been performed on the same computational domain and grid which has 
been tested for grid independence and the detail s are presented in the fo llowing 
subsections. 
8.2.1 Computational domain & boundary conditions 
Considering the fact that the bluff body fl ames of interest are ax isymmetric, 
computations have been restricted to 20 axisymmetric domain shown in the Fig 8.2. 
The domain extends in ax ial direction by 220mm (- 4.5D, O=diameter of bluff-body) 
and in radial direction by l 72mm (- 3.50). The axial domain is split into two regions . 
A region downstream of the burner exit or face of the bluff-body (xlO>O) where the 
flame stabilizes and a region upstream of the burner exit (x/D<O) which is specifically 
meant for generat ing fully developed flow conditions at the burner ex it. Both fuel and 
co-flow inlets have been extended by a distance of 100mm upstream of the exit of the 
burner. Although, experimental flow profi les are available at the burner exi t, fully 
developed flow profiles have been preferred in previous studies (Dally el al.,1998b; 
Hossain, 1999) since the experimental profiles seem to under predict mean mass flow 
rate and momentum of the fue l jet thereby resulting in di screpancy in radial ve locity 
profiles. [nfact , the use of full y deve loped flow profiles is justified since the fuel jet 
pipe extends 40 diameters upstream of the exit in the experimental configuration. 
Fully developed flow profiles could be specified at the burner ex it using power-law 
approximations however, the extended inlet has been preferred in the present work to 
ensure minimum influence of inlet conditions on the predicted results. 
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Radiation 
Case Turbulence Combustion NO sub 
No_ Flame model model submodel model Compare To Evaluate 
1 HM1e moci- k-£ SLFM not not applicable applicable 
1. Performance gain 
2 HM1e RST SLFM not not with 1 [with use of RST. 
applicable applicable 2. Accuracy of RST 
implementation. 
3 HM1 RST SLFM SLFM- not Peters Mac. NO-TRE applicable 
4 HM1 RST SLFM SLFM- not GR13.0 Mac. NO-TRE applicable 
5 HM1 RST SLFMSan- SLFM- not Diego Mac. NO-TRE applicable 
SLFM Influence of chemical 
SLFM- not with mechanism on the 6 HM1 RST (Default: NO-TRE applicable 3,4&5 predictions of overall 
GRI2.11) flame structure. particularly NO. 
Note: The GRI 2.11 has been used as the standard (defau lt) chemical mechanism 
7 HM1 RST NADS NADS- DTRM NO-TRE 
1. Performance of 
the non-adiab. 
combustion models 
and NO sub models 
in comparison to their 
NADM- adiab. counterparts. 8 HM1 RST NADM NO-TRE DTRM with 6&7 2. Impact of radiation heat loss on overall 
flame structure, 
particularly NO. 
3. Impact of scalar 
dissipation rate 
effects. 
1. Performance 
difference between 
NADM- steady and unsteady 9 HM1 RST NADM EPFM DTRM with 8 (EPFM) NO 
submodels. 
2.lmpact of transient 
effects on NO. 
Table: 8.2 : List of RANS Simulations carried for bluff-body stabilized flames using a 
grid of 162xlll (ax ial x radial) nodes. 
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An extended inlet is of particular advantage when dealing with RST model where 
isotropic turbu lence can be imposed along with plug flow at the inlets and fu ll y 
developed mean flow and Reynolds stresses can be obtained at the burner ex it. 
At the ex tended inlet of both fuel jet and co-flow, uniform mean velocities (plug flow) 
have been specified. Turbulence at inlet has been specified in terms of length scale 
(O.07x radius of pipe) and intensity, taken as 1 %. Turbulent kinetic energy and 
dissipation rate are subsequently derived. In regard to Reynolds stresses, isotropy has 
been assumed at inlet for the normal stresses whi le the shear stress has been 
considered to be zero. Along the axis of symmetry and co-flow boundary, symmetry 
conditions have been specified. At the bluff-body wall s, no-slip boundary condition 
has been employed along with log-law based wall-functions. At the cells immediately 
next to the wall , the Reyno lds stresses have been specified as fraction of near wall 
turbulent kinetic energy (relationships given in Eq .4.34). 
Extended domain < 
-I > Downstream of bluff-bOdy/ bumer exit 
coflow 
air Inlot 
- 3 
YID 
- 2.5 
- 2 
I I , I , I I , t I I I I ~ I I 1 I 
·2 ·1 IL15 
- 1 
--- --------------r 05 
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Fuel let .&.r"" _____________ 1: 
Inlet where 0 -50mm 
,-OTlOW Dounaary 
Outlo 
, , , I I t I I , I , I I I I , 
XID 
2 3 4 
Axis of Symmetry 
Figure 8.2: Computational domain for RANS modelling of HM I e & HM I flames. 
8.2.2 Computational grid 
The grid used fo r all the computations (listed in Table 8.2) is shown in Fig. 8.3. The 
grid consists of 162 nodes along axia l and 111 nodes in the radial directions with a 
non-uniform spacing in both directions. In the radial direction, the spacing of the 
nodes is such that the fue l pipe and the face of the bluff-body are finely resolved by 
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II and 55 nodes respectively. In the ax ial direction as well the nodes are closely 
spaced near the face of the bluff body and expand towards the exit. Thus, it is ensured 
that the flame stabilization region where steep gradients in the flame are expected is 
well resolved. This grid has been tested to produce grid independent results upon 
comparison of its flow field predictions with those from a coarser and finer grid. The 
coarser grid consists of l62x89 (axial x radial) nodes while the finer grid consists of 
234 x 145 (axial x radial) nodes. 
Extended domain<--I ~ Downstream of burner exit 
3 
YID 
2 
X/D 
Figure 8.3: Computational grid for RANS modelling of HMle & HMI flames. Grid 
consists of 162 ax ial nodes and II I radial nodes. 
Results of the grid independence test are shown in Fig 8.4 where the measured radial 
profiles of mean axial velocity, radial velocity and rms of their fluctuations for HM I e 
flame have been compared to the predictions from all the three grids. The reacting 
flow computations have been carried with SLFM in conjunction with RST model for 
turbulence closure. Predictions from the medium (162xlll) and fine (234xI45) grids 
are indistinguishable and are consistently better than the coarser grid (162x89). [t is 
encouraging that a fairly moderate refinement of the coarser grid to medium grid 
which corresponds to negligible increase in cost of computation, results in notable 
improvement in the mean radial velocity and the rms distributions. Further refinement 
of medium grid to the finer grid is certainly not justifiable as the improvements (if 
any) are negligible. Thus, the use of medium grid for all the calculations is justified. 
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Figure 8.4: HM I e radial profiles of mean and rms fluctuations of axial (U) and radia l 
(V) velocities. Compari son fo r grid independence test. 
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8.2.3 Adiabatic flamelet modelling: results & discussion 
HMle flame 
Simulations of HM I e fl ame have been conducted primari ly to va lidate the accuracy 
with which fl ow fi e ld is predicted by SLFM when used in conjunction with RST 
model for turbulence closure. In Fig. 8.Sa&b, the general characteristi cs of the bluff-
body fl ame have been presented. The flow comprises of a double-vortex structure 
within the recirculation zone formed downstream of the bluff-body face . The double 
vortex comprises of an inner vortex close to the fuel jet and an outer vortex between 
the inner vortex and co-flow air. The vortex structures result in three distingui shable 
shear layers. An inner or first shear layer which is a manifestation of the contact 
between the hi gh ve locity fue l jet and the reci rculating inner flow of inner vortex. 
Middle or second shear layer which occurs between the inner portion of the flow in 
the outer vortex and outer portion of flow in the inner vortex . The third or outer shear 
layer which occurs between the co-flow stream and the outer part of outer vortex. 
The double vortex structure as a whole, contro ls the flow and mlx1I1g patterns. 
Stabil ization of the flame is driven by the recirculation of the hot products of 
combustion back to the burner exit plane. Thus the recircu lation prov ides a conducive 
envirorunent with continuous ignition source for the fl ame. The stabili zation of the 
flame at the face of the bluff-body can be observed fro m the temperature contours 
(F ig. 8.Sb). Within the recirculation zone, stoichiometric mixture fract ion in the 
recirculation zone lies near to the outer edge of the outer vortex and the fl ame 
temperature is maximum here. However, downstream of the recirculation zone, in the 
neck zone, non-equilibrium effects are expected to be influential and ca lculations can 
be observed to capture the effect on temperature. Along the stoichiometric line in the 
neck region (xID- I.3 to 2.0) the temperature is significantly reduced compared to that 
wi thin the recirculation zone. Beyond the reci rculation zone, flow can be seen to 
mimic a simple jet. These predicted characteristics of the flam e are inline with the 
experimental observations of Dally et al. ( 1998a). 
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Figure 8.5: HMle flame (a) axial velocity (mJs) and (b) temperature (k) contours 
superimposed with streamlines. RANS predictions from SLFM in conjunction with 
RST model for turbulence closure. 
The quantitative match between the predictions and measurements for the flow field is 
shown in Figs 8.6 and 8.7. Here, the predictions from SLFM simulation using the k-e 
model with modified constant (C£I= 1.6) for turbulence closure is plotted as well, to 
verify the enhancement in predictive capabi lity with the RST model. In the Fig.8 .6, 
the comparison of radial profiles of mean axial velocity and radial velocity are shown. 
Predictions of mean axial velocity from both the RST and modified k-e model are 
simi lar at all the axial locations of the flame. Predictions from both the models show 
good agreement wi th measurements till xID =0.6 beyond which they start to deviate 
along the centerline. This is partly due to the tendency of both the models to 
overpredict the decay rate of centerline mean ax ial velocity and partly due to 
experimental errors induced due to velocity bias as reported by Dally et al. (1998b). 
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The compansons a lso show that the length of the recirculation zone is somewhat 
underpredicted by both the models, the predicted length being - l A bluff-body 
diameters while measured length is 1.6 bluff-body diameters. Comparisons of mean 
radial velocity profi les show that the RST model fa res slightl y better than the 
modi fi ed k-E model with respect to the radial distribution close to the face of the 
bluff-body. Dally et al. (1998b) reported that the radia l ve locity component is more 
prone to experimental inaccurac ies and scatter in the experimental data is evident 
from measurements at x/D= IA. Pred ictions with both the turbulence models can thus 
be considered to be reasonably good. 
In Fig. 8.7, the radial profi les of the rms of ax ial and radial veloc ity fluctuations are 
shown. Measurements show a do uble peaked structure for both the ax ial and radial 
fluctuations within the recirculation zone. The inner peak corresponds to the inner 
shear layer while the outer peak corresponds to the outer shear layer. With the fue l jet 
velocity al most three times higher than the co-flow velocity, the inner shear layer 
experiences more production of turbulence and hence greater leve l of fluctuati ons 
than the outer. The anisotropy in the turbulence can be observed from the relati ve 
magnitudes of the measured peak fluctuations in ax ial and rad ial components. For all 
the stations within the rec irculat ion zone (X/D < = l A) the measured peak axia l 
fluctuations corresponding to the inner shear layer are 1.5 to 2 times higher than the 
radial fluctuations. The RST model accounts for thi s anisotropy reasonab ly well 
although the axial fluctuations are predominantly underpredicted wh ile radial 
fluctuations are overpredicted for x/D < 0.6 and underpredicted thereafter. A sim ilar 
behaviour in radial predictions has also been reported by Li et al. (2003) and the 
reasons are not fu ll y understood yet. 
The modified k-E model ' s qualitative performance is reasonably good in that the 
double peaked structure at each ax ial station with the rec irculation zone is captured. 
However, since the model is based on the assumpt ion of isotropic turbulent 
fluctuations, it catmot account for the variations in the magnitude of axia l and radial 
fluctuations observed within the recirculation zone. This can be observed clearly at 
the location x/D=1.0, where the assumption of isotropy means that the peak ax ial 
fluctuations in the inner shear layer are severely underpredicted while the radial 
fluctuations are slightl y overpredicted. 
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Figure 8.6: Radial profi les of mean ax ial ve locity Ca) and mean rad ial ve locity Cb) for 
at various axia l locations In the HMI e flame . Predictions obtained from RANS 
calculations with SLFM. 
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Figure 8.7: Radial profiles ofrms fluctuations of ax ial (a) and radia l (b) components 
of velocities at various ax ial locations in the HM I e flame. Pred ictions obtained from 
RANS ca lculations with SLFM. 
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Thus, although the di fferences between RST and modified k-€ model are less 
discernable from the mean ve locity fields , the inherent advantage of adopting the RST 
model is indicated by the predictions of fluctuations_ In reacting fl ow ca lculations, 
definitive conc lusions about the overall performance of the turbulence models cannot 
be drawn on the bas is of f1 0wfield alone when differences ex ist in the predictions of 
fluctuations and given that the coupling between the flow-field and the compositional 
structure of the fl ame is non-trivial. Turbulent fluctuations are coupled to turbulence 
production rate and dissipation rate which in turn drive the scalar (mixture fraction) 
dissipation rate_ The sca lar dissipation rate is a vital parameter in the calculation of 
mean density in SLFM based reacting flow calculations and the mean density in turn 
is present in the equations for mean and variance of mixture fract ion which constitute 
the mixing fi e ld. In SLFM, the accuracy of compositional structure (at least the 
tem perature and major species) is more or less determined by the accuracy of mixing 
field. Thus, the mixing field needs to be verified as well. 
It should be restated here that no measurement data are available for the HMl e inflow 
conditions at which the fl ow fi eld was measured, but rather for the HM I case. 
However, it has been checked that, for the radia l profiles of mixing fie ld considered 
here, this is of minor importance. Calculations for HM I e and HM I conditions result 
in more or less the same mixing fie lds at the ax ial stations where mi xi ng field 
validations are carried out. Hence, the observed accuracy levels of the models in 
regard to flowfield in HMl e fl ame is valid for HMI fl am e as well. The predicti ve 
capability of SLFM in conjunction with RST and modified k-€ models in capturing 
the mixing fi eld and compositional structure are analyzed for HMI flame conditions. 
HMI flame mixing field 
The bl uff-body flame characteristi cs discussed for HM I e flame are valid fo r HM I 
flame as well . The comparisons for radial profi les of mixture fraction obtained from 
measurements and pred ictions are presented in Fig. 8.8. Predictions are obta ined from 
SLFM based combustion simulati on using modified k-€ model and RST model for 
turbulence closure. Predictions with both the models show good agreemen t wi th data 
fo r the first two ax ial locations which fall w ithin the recirculation zone. In the neck 
zone (xlD =0.9, 1.3) and jet- like flow reg ion (x/D ~ 1.8) the centerline mixture 
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fraction is considerably underpredicted with the modified k-€ model due to the 
overprediction of decay rate of mixture fraction. On the other hand , the RST model 
captures the mixture fraction distribution in the neck region with much higher 
accuracy. In the jet region too, pred ictions with the RST model are III better 
agreement with measurements than k-€ model in that the centerline and radia l 
distribution predictions of mixture frac tion are improved by - 50%. This is a 
substantia l improvement considering the fact that the present RST model is not a full 
second moment closure and the mixture fraction fluxes are mode lled similar to k-€ 
model. Hence, the improvements are solely due to the factors discussed earli er viz. 
better reproduction of turbulence production and di ss ipation rates. The profi les of rms 
of mixture fraction fl uctuations are shown in Fig. 8.9. Similar to the mean mixture 
fract ion, predictions with both the models are in reasonably good with experimental 
data. However, unlike mean mixture fraction, the differences between the models are 
modest. 
Overa ll , the fairl y good agreement in predictions with RST model is indicati ve of a 
successful numerical implementation of the RST model in the in-house RANS code. It 
is noteworthy that the current mixing field predictions with SLFM-RST combination 
are at least comparable or slightl y more accurate than the corresponding RST model 
predictions of Dally et al. ( I 998b). Compari sons at the axial stat ion x/D=1.8 are 
shown in Fig. 8. 10. Although Dally et al. ( 1998) employed simple single step fast 
chemistry combustion modelling approach as compared to the more elaborate SLFM 
calcul ations in the present work , they employed commercial software CFX 4.4 for 
their RST calculations. Intricate details of the Reynolds stress model implemented in 
the CFX 4.4 are not ava ilab le for comparison with the present implementation. 
However, it is known that use of a generalized gradient di ffusion model has been 
made for the diffusion of Reynolds stresses and thi s is indeed a more accurate 
approach than the simple grad ient diffusion model implemented in the present RST 
model (F letcher, private communication). 
While thi s is one exam ple, there could be few such differences which are expected to 
provide advantage in accuracy for the Reynolds stress model predictions from 
commercial software. Hence, it is quite encouraging that the present RST model is 
ab le to compete strongly with the more robust and extensively va lidated 
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implementations in commercial codes_ Another work that was used to establish 
confidence on the current implementation of RST model is that of Li et al. (2003) 
who employed equilibrium chemistry for combustion modelling and validated a 
number of pressure-strain term models in the RST model including the linear pressure 
strain model (section 4.1.4) used in the present work . Similar to the present RST 
mode l, they too changed the constant Ccl to 1.6 in the dissipation rate equation. 
Although, the equilibrium chemistry is a less accurate combustion modelling 
approach than the SLFM used in the present work , their RST model implementation is 
expected to be more accurate due to the full second moment closure involving 
transport equations for mixture fraction fluxes . However, mixing field pred ictions 
from current RST model have been fo und to be of better accuracy at all the ax ial 
stations in the fl ame. Compari son plots for the mean and rms of mixture fraction 
fluctuations at the axia l station xlD=\.8 are shown in the Fig 8.10. 
Thus, the accuracy of current modelling with RST model for turbu lence closure and 
SLFM for combustion, can be judged to be quite competiti ve as far as mix ing field is 
concerned. 
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HMI flame temperature & major species 
The radial profiles of mean temperature at various ax ial locations in the fl ame are 
shown in Fig. 8.11 . It is clear that both RST model and modified k-E model based 
SLFM calculations result in fairly good resu lts. The overprediction in temperature 
with both the models at x/D=O.26 is more a deficiency in the measurements than in 
simula tions. Dall y el al. ( 1998b) have reported that the lower leve ls o f measured mean 
temperatures are due to averaging effects caused by intermittency in the fl ame at thi s 
location . The shift in the structure of the flame with the movement away from the 
bluff-body face in the downstream direction is we ll captured by both the models. The 
steady ri se in the centreline mean temperature indicates a shift to jet flame structure. 
The modified k-E model can be seen to overpredict the centreline line mean 
temperature at the last two locations which fa ll within jet-flame structure. This is 
primarily due to the overprediction in decay rate of mixture fraction which leads to a 
mixture c loser to fuel ri ch side of stoichiometry. The fact that SLFM calculations are 
adiabatic and do not include effects of radiation heat loss and yet the temperature 
predictions from both the models are fairly good, indicates weakly radiating nature of 
the flame. 
The predictions of mean mass fract ion of the major specie CO2, are shown in Fig. 
8. 12. Within the recirculation zone, except for the first location right adjacent to bluff-
body face, predictions from both the models are fairly good. The underprediction 
observed with both the models at the fi rst locations is perhaps the manifestation of 
averaging effects in measured data as previously mentioned. [n the far downstream jet 
flame region, the radial di stribution of mean CO2 mass [Taction is overpredicted by 
both the model s. While the underpred iction in mixture fract ion observed with both the 
models is certainl y a contributor to this deviation, whether or not radiation heat loss 
has any part to play is observed from non-ad iabatic model based calculations 
discussed in section 8.2.5. 
The accuracy of predictions for the other major specie l-hO (Fig. 8.13) fo llows a 
similar trend as for CO2 in that both models result in fairly good results but with the 
radial distribution underpredicted within the recirculation zone and overpredicted 
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downstream of it. The predictions with RST model can be observed to be slightly 
more accurate than the modified k-s model. 
In Fig. 8. 14, the predictions of the mean mass fraction of the CO pollutant are shown. 
Unl ike CO2 and H20 , the predictions are in better agreement with experiments at the 
first location which perhaps is not a true indicati on of the pred iction capability as the 
accuracy of experimental measurements at thi s location is questionable. However, 
further downstream the trend is similar to CO2 and H20 . Employing the modifi ed k-s 
model for turbulence closure leads to severe underprediction in the outer vortex 
within the rec irculation zone while at the downstream neck zone and jet fl ame regions 
(x/O= 1.3 to 2.4) the CO mass fraction is signifi cantly overpredicted in the fuel rich 
side of sto ichiometry. Employing RST model improves the predicti ons in the outer 
vortex to a noticeable extent while bringing slight improvements along the centreline 
in downstream locations (xIO= 1.3 to 2.4). However, there is significant scope fo r 
improvement in the predictions of CO mass fractions and the ex tent consideration of 
radiation heat loss could help, is di scussed in Section 8.2.5. 
Finally, the 0 1-1 radica l mass fractions are shown in Fig. 8. 15. Experimental 
observations show steep peaks at the outermost shear layer within the recirculation 
zone (xIO=0.26 and 0.6). Predicti ons with the both the models fail to capture the steep 
slope and instead predict a relative ly gradual variation in the OH. Since OH rad ical is 
much smaller in concentration, thi s large discrepancy could be a magnification of 
error caused due to minor dev iations in mixture fraction and variance in the outer 
vortex. From x/O=0.9 to 2 .4, the RST model is shown to agree fa irly well with 
measurements. 
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Figure 8.14: Rad ial profiles of mean CO mass fraction at vari ous axial lengths of 
HM I flame. Predicti ons obtained from RANS ca lculations with SLFM. 
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HMI flame pollutant NO 
As previous ly d iscussed in chapter 5, the mean mass fraction of pollutant 0 cannot 
be di rectly obtai ned from fl amelet ca lculations unlike the temperature and major 
spec ies due to the slow and kineticall y contro ll ed chemistry of NO. Submodels which 
exc lusively account for NO have been implemented in the in-house RANS code. 
Consistent with the use of SLFM fo r combustion calculations, teady transport 
equation based NO sub model (SLFM-NO-TRE) has been used fo r calculating the 
mean NO mass fraction in post processing phase. The submodel calculations use the 
converged mixing fi eld obtained fro m SLFM calculations. In order to illustrate the 
need for specia l modelling techniques in the form of submodels for NO, predictions of 
mean NO mass fraction have also been obtained directl y from SLFM by extracting the 
mean NO mass fractions from fl ame let calculations s imilar to mean temperature and 
. . 
major species. 
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In Fig. 8.16, the NO mass fraction predictions from the direct SLFM approach and 
steady transport equation approaches with both the modified k-E and RST models 
based turbulence closures are shown. The direct approach overpredicts the peak 0 
mass fraction by about 4 times the measurements clearl y indicating the breakdown of 
fast chemistry assumption of f1amelet concept. Given the simplicity of the steady 
transport equation based approach (SLFM-NO-TRE), the improvement it prom ises 
over the conventional approach is quite s ignifi cant. Thus, although a notable 
overprediction throughout the flame still exists, the predictions from both RST and 
modified k-E models can be considered to be reasonably good. Between the two 
turbu lence models for the transport equation approach, the RST is clearly the better 
model with the mean mass fraction of NO along fuel rich region more accurately 
captured. 
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From the comparisons shown so far for the predicted and measured flow, mixing field 
and compositional structure, it can be concluded that the overall prediction capability 
of SLFM and its correspond ing NO submodel in conjunction with both RST mode l 
and modifi ed k-g models is reasonably good. Predictions with RST model are 
generally beller or at the least comparable to modified k-g model thus encouraging its 
use as the standard approach for turbulence closure in the present work. Additional 
moti vation in using RST comes from the fact that with the use of look-up-table 
concept implemented in the in-house RANS code, the computational time for SLFM 
calculat ions with both RST and modified k-g model is more or less the same. 
However, there is scope for improvement in the RST model based turbulence closure 
and thi s partly expla ins for the discrepancies in mixing field and consequently the 
thenno-chemical structure including O. Three other facto rs which are likely to 
influence the accuracy of predictions are: 
• The adopted chemical mechanism 
• Non-adiabatic effects due to radiation heat loss 
• Transient effects due to the slow chemistry of NO. 
While the effects of the first two factors are felt on the entire thermo-chemical 
structure of the fl ame, the third factor, transient effects, is known (pitsch et al., 1998 
and Coelho and Peters, 200 1a) to be of less influence on temperature and majo r 
species (g iven that the flame is fully burning) and are important only for the slow NO 
chemistry. Thus, investigations into the influence of chemical mechan ism and 
rad iation heat loss have been conducted for temperature and compositional structure 
of the flam e while investigations into the influence of transient effects have been 
restricted to NO. The results from these investi gat ions are di scussed in the subsequent 
sections. 
8.2.4 Influence of chemical mechanism 
As previously stated, predictions of SLFM in conjunction wi th RST model have been 
obtained with the use of the detailed chemical mechanism, GRl 2. 11. In order to 
veri fy the extent the predictions fTOm GRI 2. 11 (Bowman et al. , 2007) could be 
improved, SLFM based HM I flame simulations have been conducted with two 
- 189 -
Modelling of Turbulent Non-premixed Bluff-body and J et Flames 
different detailed chemical mechanisms the OR! 3.0 (Smith et al., 2007) and 
SanDiego mechanism (Williams, 2007). 
The OR! 3.0 mechan ism is a successor to the verSIon 2. 11 and compnses of 53 
species with 325 elementary chem ical reactions (hydrocarbon + nitrogen chemistry) 
in compari son to the 277 e lementary reactions and 49 spec ies with OR! 2.1 I. Notable 
mod ifica tions include changes in CH kinetics which are important to the Prompt NO 
formation. A previous study conducted by Kim and Huh (2002) on the HM I fl ame 
has shown that the OR! 3.0 overpredicts NO twice as high as ORI 2.11 while the 
temperature and major species predictions are more or less simi lar to those from OR! 
2.11 . However, these findings were obtained from CMC model based combustion 
calculations and hence, whether or not they could be generalized was questioned. 
Hence, performance of ORI 3.0 has been re-inves tigated with the present SLFM based 
calculations. The second mechanism used in the investigation, the SanDiego 
mechanism, is relatively new and it has been developed along the similar lines as the 
ORI 2. 11 and ORI 3.0. This mechanism comprises of 52 species with 454 reactions 
including detailed nitrogen chemistry which is based on the work of Hewson and 
Bollig ( 1996). Performance of this mechanism in turbulen t hydrocarbon fl ames is not 
ye t known and present investigation is expected to contribute to the knowledge in thi s 
mechanism's prediction capabi lity. 
In add ition to the detailed mechanisms, a reduced mechanism of Peters ( 1993) 
consisting of 53 elementary reactions for the hydrocarbon chemistry and 3 reactions 
fo r nitrogen chemistry has been investigated to veri fy the need for detailed chemical 
kinetics in the current bluff-body fl ames. The 3 step NO chemistry corresponds to the 
Ze ldovich mechanism which accounts fo r the production of only thermal NO. Thus, 
SLFM calculations with the reduced chemistry are expected to verify the ex tent 
thermal pathway alone contributes to the total NO in the turbulent flame and 
henceforth the need for detailed nitrogen chemistry. 
HMI flame temperature and major species 
The mean temperature predictions of RANS calculations of HM I flame with SLFM 
combustion model and RST turbulence model for the different chemical mechanisms 
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are compared to each other and measurements in Fig. 8. 17. Similar to the findings o f 
Kim and Huh (2002), no noticeable improvement in predictions are observed with the 
GRI 3 .0 mechanism . The predictions from SanDiego mechanism are more or less 
similar to GRJ 2.11 and OR] 3.0. Discounting the first and the last locati ons, 
predictions from the reduced mechani sm are close to the pred ictions from all the three 
detailed mechanisms. However, the reduced mechani sm results in a predominantl y 
overpredicted di stribution of mean CO2 mass fraction and underpredicted mean 
distribution of CO mass fraction (Fig. 8.18). All the three detailed mechanisms can be 
observed to resu lt in similar predictions for the mean CO2 mass fraction . For the mean 
CO mass fraction both the GRI mechanisms result in similar predictions but the 
SanDiego mechanism shows deviations from the 0 RI mechanisms in the first and last 
locati on. For the other two major species investi gated in the current study, H20 and 
OH (both not shown) all the mechanisms have been found to result in similar 
predictions. Thus, from temperature and major pecies comparisons, neither of the 
relatively new detailed mechanisms seem to give better pred ictions than ORI 2.1 I . 
Although reduced mechanism competes well with detai led mechanisms in regard to 
temperature, its performance is not consistent in regard to species. Detailed 
hydrocarbon chemistry is thus a necessi ty for the present study where both 
temperature and compositional structure are of interest. 
HMI flame pollutant NO 
For each mechanism, NO has been post-processed from the steady transport equation 
based submodel (SLFM-NO-TRE) upon obtaining a converged mixing fie ld from 
SLFM calculations. The mean NO mass fraction predictions from all the four 
mechani sms are compared to measurements in Fig. 8.19. From the significant 
underprediction observed with 3 step Zeldovich 's mechanism, it appears that Thermal 
o accounts for only - 50% of the total NO predicted by experiments. Hence, for the 
flam e under investi gation, it does seem important to account for the Prompt and 
nitrous ox ide pathways of NO formation. Accounting for all the possible NO 
fo rmation pathways through the different deta il ed mechanisms has resulted in 
different leve ls of overprediction of mean NO mass fraction. The predictions with 
GRI 3.0 are significantly higher than the corresponding predictions from GRI 2. 11 
thereby in agreement with the findings of Kim and Huh (2002). With SLFM, the GR] 
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3.0 predictions are up to 3 times higher than ORJ 2.11 . Thus, overprediction of NO 
seems to be the general problem with ORJ 3.0 al though the exact extent of 
overprediction can vary according to the combustion model. Since, the temperature 
and major species predictions do not deteriorate with OR] 3.0 and these are dictated 
by the hydrocarbon chemistry, the problem seems to be with nitrogen chemistry and 
in particular with higher rate coefficients in the Prompt mechanism. The nitrogen 
chemistry with SanDiego mechanism seems to have similar problems as with ORJ 3.0 
as the predicted mean NO mass fractions are only slightly better than ORJ 3.0 while 
they are still significantly higher than measurements and OR] 2.11 . 
Overall , the OR] 2. 11 stands out as the best amongst the tested mechanisms and hence 
has been used as the standard mechanism for the hydrocarbon flames in the current 
work. 
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Figure 8.1 7: Radial profi les of mean temperature: comparison of different 
mechanisms for hydrocarbon chemistry. Predictions obtained from RANS 
calculations of SLFM in conjunction with RST model. 
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8.2.5 Non-adiabatic flamelet modelling: results & 
discussion 
Here, the HMI flame has been modelled with the RANS based non-adiabati c models 
(NADM and ADS) and the non-adiabatic 0 submodels in conjunction with RST 
model for turbulence. Predictions from non-adiabati c calculations have been 
compared with measurements as well as SLFM predictions to study the perfo rmance 
of the non-adiabatic flarnelet mode l and simultaneously asses the extent to which 
consideration of radiation heat loss could improve the accuracy of predictions 
observed with SLFM. 
Predictions fo r the mixture fraction from all three models are compared with 
measurements and shown in Fig 8.20. The NADM model is in good agreement with 
measurements but shows no notable improvement over SLFM. The overall heat lost 
due to radiation does not seem to be significant enough for the net heat released to be 
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adequately fa r from ad iabatic conditions. Hence the effect on densi ty and 
consequently the mixing fi eld is not notable. The simplified model NADS, even 
without considering the effects of scalar di ss ipation rate, is able to produce similar 
predictions as ADM. However, thi s is expected for the mixture frac tion since 
density has weak dependence on sca lar dissipat ion rate in the non-premixed f1am elets 
considered in the present study as previously observed from Fig 7.1 in Section 7. 1.1. 
Similarity between the SLFM and NADM models can be observed for the rms of 
mixture frac tion fluctuations as well in Fig. 8.21. However, here the NADS model 
shows deterioration in perfo rmance with respect to NADM model in that it 
overpredicts the magnitude of peak fluctuati ons in mixture fraction a long the inner 
shear layer wi thin the recirculation zone and the radial di stribution along the fuel rich 
zone of stoichiometry. 
Fig. 8.22 shows rad ial profiles of mean temperature. Here again, no signs of the effect 
of radiation heat loss are evident. Hence, the di stribution of radiation heat loss within 
the fl ame from NADM calculations has been examined from the contours of mean 
enthalpy defect as shown in Fig. 8.23. The mean enthalpy defect contours show a 
certa in presence of radiation loss. The maximum loss cou ld be seen tak ing place right 
adjacent to the bluff-body wa ll where the fl ame stabilizes. In the immediate proximity 
of the wall (xlD < 0.25) the heat loss is fai rl y hi gh varying between -150 to -1 00 kJ/ 
kg with steep gradients. However, for the majori ty of the flam e further downstream 
where measurements have been obtained, the heat loss is far less and more uniform 
with an average of - -60 kJ/kg. This predicted level of heat loss does not translate into 
notable change in temperature and hence corresponds to weak rad iation. However, its 
impact on major species and po llutant NO, still needs verification. 
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The C0 2 mass fraction profiles are shown in Fig. 8.24. NADM model shows a marked 
improvement over SLFM at the first location where the radiation heat loss has been 
observed to be more pronounced. Further downstream locations , the NADM model 
predicts slightl y higher CO2 levels than SLFM in the region close to the centreline 
where the mixture fraction leve ls are on the fuel rich side of sto ichiometry. This 
behav iour of CO2 is a direct consequence of the effect of enthalpy defect on the 
tlamelet CO2 structure which is shown in Fig 8.25 . As the imposed enthalpy defect on 
a tl amelet increases, it can be seen that the CO2 leve ls increase along the fuel rich s ide 
of the stoichiometry and decrease along the fuel lean side. Since, the mean mixture 
fraction along the fuel rich zone of the flame is slightly underpredicted, the predicted 
mean CO2 mass fraction by SLFM is higher than the measurements. Adding the 
radiat ion heat loss correction through enthalpy defect with NADM model then further 
increases the deviation. Hence, the deviation cannot be regarded as a deficiency of the 
non-adiabatic model , atleast the NADM model. 
The problem with simplificat ions in the non-adiabatic formulation is made 
di scernable by the CO2 predictions from NADS mode l. The simplified non-adiabatic 
model , unlike for temperature, shows significant deviation from measurements and 
predictions from NADM mode l. This confirms the observation made in section 7.1 .1, 
where the effect of sca lar di ssipation rate on flamelet structure for species mass 
fractions was found to be relati vely stronger than on temperature and density. Figure 
8.26 shows comparisons for mean CO mass fraction. Contrary to the improvement 
observed with CO2, the NADM model results in an underprediction compared to the 
SLFM model within the recirculation zone. Such an adverse effect on CO mass 
fractions has been observed by Marracino and Lentini (1997) as well in their non-
adiabatic modelling of jet flames and the causes behind thi s behaviour are yet to be 
understood. Howev~r, the NADM model still does better than the NADS model 
within the recirculation zones. Improvement in predictions with the NADS model at 
the last two locations is misleading as the mean CO predictions with non-adiabatic 
formulation do not seem to show the overall correct trend. 
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HM I flame. Predictions obtained from adiabatic and non-adiabatic simulations using 
RST model for turbulence closure . 
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Figure 8.27: Radial profi les of mean NO mass fraction along various axial stations in 
HMI flame. Predictions obtained from ad iabatic and non-adiabatic simulations using 
RST model for turbulence closure. 
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Pollutant NO from steady non-adiabatic NO sub models 
Finally, the performance of steady non-adiabatic NO submodels, integrated with the 
non-adiabatic models, in predicting NO mass fractions is analysed. Upon obtaining 
converged mixing field from the NADM and NADS calculations, post-process ing of 
NO has been carried out with the NADM-NO-TRE and NADS-NO-TRE respectively. 
The predicted radial profiles of mean NO from these steady non-ad iabatic transport 
equat ion based submodels are compared to predictions from adiabatic calculations 
(S LFM- O-TRE) and measurements in Fig. 8.27. 
The extent of overprediction observed with the adiabatic sub-model is expected to be 
reduced with the non-adiabatic models where consideration of radiation heat loss 
through enthalpy defect lowers the magnitude of peak NO source terms (as observed 
from Fig 7.5, Chapter 7) which enter into the NO transport equation. However, the 
effect produced by employing NADS model is contrary to the expectation. The 
predictions further deviate from SLFM in that the peak NO mass fracti ons are sca led 
up by approx imately 1.5 times. It has been observed from Fig. 7.2 (Chapter 7) that the 
NO source term is highly sensitive to even small variations in scalar di ss ipation rate 
and hence neglecting the effect of scalar di ssipation rate seems to have marred the 
effect of cons idering radiation heat loss. This is further confi rmed from the 
performance of NADM model which produces the correct effect of incorporating 
radiation heat loss in that the extent of overprediction observed with adiabatic model 
is consistently reduced. Although the improvement achieved with NADM is modest, 
the overa ll trend is quite promising especially when the flame under study is of 
weakly radiating nature. 
The existing discrepancy between the predictions from NADM model and 
measurements are considered to be manifestation of the inaccuracies in mixing field 
and the transient effects which are not accounted by the steady NO submodels. In 
addition, the extent the truncation (discussed in Section 7.1 .2) in non-adiabatic 
flame lets may have compromised the accuracy ofNADM model predictions has been 
called into question. Hence, an investigation into thi s issue has been carri ed out and 
the results are discussed in the following section. Subsequentl y, the influence of 
transient effects is di scussed. 
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Impact of truncation in flamelets on accuracy of mean scalars 
As mentioned in Chapter 7, section 7.1.2, due to modified inlet conditions, the non-
ad iabatic fl amelets are subjected to truncation in Z space . Hence the usual limits of Z 
which vary fro m Z = 0 to I , are curtai led to Z = Zo to Zr, where Zo= Z(I;) > 0 and Zr = 
Z(I;) < I . For the non-adiabatic flamelets, integration fo r mean sca lars is split 
acco rding to Eq. 8.1 and the first and third parts are neglected. 
0) ;: - : " <0 : - :1 
~ = J J<I>(Z , X"; s)P(Z)P(x ,, )dZdx,, + J J<I>(Z; X"; s )P(Z)P( X,, ) d2dX,, + 
o : ; 0 0 : - :" 
00 : _1 
J J<I>(Z,X", s)P(Z)P(X")d2dX,, (8 .1) 
0 ;:_: , 
For low enthalpy defects, Zo and Zr are close to 0 and I respective ly and hence 
neglecting the contribution of first and last terms does not affect the accuracy of 
numerical integration. However, for higher enthalpy defects there is a concern that the 
first and last terms might have s izeable contribution and hence neglecting the terms 
might result in errors in the mean quantities viz. the mean temperature, m ajor species 
and the mean NO source term . 
In order to verify thi s issue, a ' high enthalpy defect ' (HED) zone as shown in Fig. 
8.28, has been identified within the HM I fl ame computed from ADM model. The 
HED zone encloses the region of the fl ame where the enthalpy defect vari es between 
the domain maximum of -1 50 kJ/kg and a cut-o ff limit of -105 kJ/kg. For enthalpy 
defects less than the cut-off limit, truncation in fl amelets has been found to be 
insignifi cant enough to avoid any concerns over accuracy of integrati o n. Hence the 
investigation can be focused solely on the HED zone to which the issue is confined. 
From each cell that is lying wi thin the HED zone, the shape of the Favre averaged 
presumed PDF for mixture fraction ,0(2) which co rresponds to ~ PDF, has been 
extTacted. Thus obtained comprehensive collection o f PDF shapes are shown in Fig 
8.29 (a) . From the plot, it can be readil y inferred that for Z greater than 0.8 the value 
of ,o(Z) is nearly zero for the en tire range of PDF shapes. In other words, the 
truncation at the fuel end which is a maxim um o f -I % (for I; = -I SO kJ/kg) for the 
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flamelets in the present study should have no affect on the accuracy of integration_ 
The second inference that can be drawn from the plot is that the bulk of the PDF 
shapes have peaks clustered at or around the stoichiometric mixture fraction (Z" = 
0_05) with the P( Z) values dropping steeply as one moves towards oxidizer end. 
Thus indicating a weak influence of P(Z) near oxidizer end on the integrated mean 
values. 
1 .5r-----------------~~~~~~~~, 
=-105 to -150 kJ/kg 
1 
0 .5 
Shaded region demarcates the 
"high enthalpy defect" (HED) 
zone from the rest of the flow. 
xlD 
HED Sub-zone 1 : -105 to -110 kJlkg 
HED Sub-zone 2 :.110 to -120 kJlkg 
HED Sub-zone 2 : -120 to -130 kJ/kg 
HEO Sub-zone 2 : -130 to -140 kJlkg 
HEO Sub-zone 2 : -140 to -150 kJ/kg 
0.8 1 
Figure 8.28: Predicted ' High Enthalpy Defect' zone and its sub-zone within HM 1 
flame from RANS simulation carried out with NADM model in conjunction with RST 
model for turbulence closure. 
For a closer investigation, the HED zone has been split into 5 sub-zones (Fig. 8.28) 
and the PDF shapes within each sub-zone are separately plotted as shown in Figs 8.29 
(b) to (f). These plots help in di scerning the influence of enthalpy defect on ~ PDF 
shapes. It can be observed that as the enthalpy defect increases, the profiles become 
narrower and the peaks shift further away from stoichiometric mixture fraction in the 
direction of richer Z. For the highest enthalpy defect range of -140 to -150 kJ/kg, all 
the extracted PDF shapes are clearly far from the oxidizer end. 
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Figure 8.29 : The ~ POF shapes extracted from the entire HEO zone (a) and within 
each HEO sub-zone (b)-(t) in HMI flame. RANS Simulation carried out with NADM 
model in conjunction with RST model for turbulence closure. 
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This finding is interesting as it means that any influence of the increase in truncation 
on integration is negated by the shi ft of PDF away from the ends. In the computed 
non-adiabatic fl amelets, the maximum truncation at oxidizer end is about +0.3% (for ~ 
= -150 kJ/kg) . Hence the maximum truncation on oxidizer end would still result in a 
Zo which is safely lesser than the value at which P(Z)starts to contribute to the 
integration. 
Thus, it is confirmed that the Z truncation in the non-adiabatic fl amelets is expected to 
have minimal or no impact on the integrated mean density and reacti ve sca lars fo r the 
entire range of enthalpy defects encountered in the computed flame. The differences 
between the NADM predictions and measured data for radial profiles of temperature 
and maj or spec ies are thus primarily due to the deviations in mixing field and hence a 
problem to be addressed by turbulence closure method. For mean NO mass fracti on, 
transient effects may add itionally contribute to the deviation and thi s is verifi ed in the 
following section. 
8.2.6 Influence of transient effects on NO 
Transient effec ts in globa ll y steady fl ames are a result of the finite time required by 
the fl ame let structure to adapt to the changes in scalar (mixture fraction) dissipation 
rate. However, the distribution of temperature and major species within a fully 
burning flamelet tends to adjust to the changes in the sca lar dissipation adequately fast 
for the process to be assumed as steady. Hence, it is sufficient to represent the thermal 
and chemical (onl y the major species) structure of a fully burning turbulent fl ame with 
steady flam e lets . 
However, the s low chemistry of NO does not allow for rapid changes in its structure 
with scalar dissipation rate. Assuming the process to be steady henceforth results in 
significant overprediction as prev iously shown in Fig. 8.16. The steady transport 
equation based ad iabati c and non-ad iabatic NO submodels (SLFM-NO-TRE and 
NADM-NO-TRE) provide simple work around to the problem . However, these 
models are not completely accurate as they st ill assume the process to be steady with 
the NO source term which enters the transport equation essentiall y obtained from 
steady fl amelets . An unsteady tl amelet modelling has been found (P itsch et al. 1998, 
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Coelho and Peters, 200 I a) essential to address the slow chemistry of NO in a more 
complete manner. Thus, the in-house RANS code has been equipped with unsteady 
NO sub models, SLFM-EPFM and NADM-EPFM to be used in conjunction with 
adiabatic (SLFM) and non-adiabatic (NADM) combustion simulations respecti vely. 
The mean 0 distribution in HM I flame has been post-processed with each of these 
submodels by using the converged mixing fi eld obtained from the CFD simulations 
with SLFM and NADM models. The post-processing with the unsteady models 
requires a greater effort than with the steady tTansport equation based submodels. An 
unsteady marker particle equation is solved until the particle completely exi ts the 
domain. Domain averaged conditional scalar dissipation rate X" is calculated at each 
time step thereby obtaining the variation of an average scalar diss ipation rate with 
respect to time. The time evolution of X" obtained from calculations with NADM-
EPFM submodel and the corresponding NO evolution obtained from solution of 
unsteady non-adiabatic flamelet equations (Eqs 7.1 and 7.2) are shown in Fig. 8.30 
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Figure 8.30: Time evolution of domain averaged conditional scalar dissipation rate (a) 
and the corresponding evolution of flamelet NO distribution (b). 
The average scalar di ssipation rate can be observed to vary rather steeply till 0.03 sec. 
after which it reaches more or less a steady state. The effect of thi s variation on the 
laminar structure of NO is evident in Fig 8.30 (b). The peak 0 mass fraction as well 
as its di stribution in mixture fraction space rise steeply till 0.03 sec and reach a steady 
state thereafter. Thus, if only the steady state flamelet NO mass fraction distribution is 
- 206-
Modelling of Turbulent Non-pre mixed Bluff-body and Jet Flames 
considered in a turbulent flame calculation (as is done with SLFM direct approach 
Fig. 8. 16), the obvious result would be an overprediction in the mean NO mass 
fraction. In EPFM, the entire evolution of NO is taken into account and it is weighted 
with the probability of finding the marker particle (Eq .5.36) to evaluate the mean NO 
mass fraction at each location in the domain. The effect of this detailed accounting of 
the behav iour of flamelet NO di stribution can be observed from Fig. 8.31 where 
predictions obtained from the unsteady NO submodels are compared to measurements 
as well as predictions obtained from steady transport equation based submodels. 
Figure 8.3 1: Steady vs. Unsteady NO submodels in RANS calculations of I-lM I fl ame 
with RST model for turbu lence closure. 
The importance of transient effects on mean NO mass fraction is evident from the 
comparisons. By employing the unsteady NO submodels, SLFM-EPFM and NADM-
EPFM, the NO di stribution predictions are remarkably improved over the 
corresponding steady submodels throughout the length of the flame. The fact that the 
influence of transient effects is fe lt not onl y in the flame stabili zation region but also 
in the neck and further downstream jet flame reg ion projects the complexity of the 
bluff-body stabi lized flame and in a way justifies the se lection of this flame for testing 
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the advanced models. Also, ev ident from the comparisons is that the transient effects 
have a greater influence on the mean 0 predictions than the non-ad iabatic effects for 
this weakly radiating flam e. Consideration of heat loss with the unsteady models can 
be observed to result in a simi lar level of improvement as with the steady models. 
However, the strategy of non-adiabatic fl ame let model in conj unction with unsteady 
NO submodel NADM-EPFM certainly provides a more complete approach to 
mode ll ing NO. 
Since, the effects of radiation heat loss are not prominent in the modelled HM I flame, 
the predictive capability of non-adiabatic model NADM to account for the effects of 
radiation heat loss has not been made clear. Hence, the NADM model and its NO 
submodels have been tested in a relatively higher radiation heat loss conditions and 
the detai ls are discussed in the following section. 
8.3 Experimental study of Sandia D jet flame 
Similar to the Sydney bluff-body flames, the Sandia D jet flame has been promoted by 
the TNF workshop community as a target flam e for va lidation of turbulent non-
premixed combustion models. This flame has been experimentally studied by Barlow 
and Frank (1998) and Schneider et al. (2003). While the former conducted scalar 
measurements, the latter conducted measurements of the flow fi eld. The burner 
consists of an ax isymmetric jet centered in an annulus in which a number of premixed 
fl ames are stabilised on a fl ame holder (Fig. 8.32). The burner is centered in an 
unconfined stream of co-flowing air. The premixed flames provide the heat source for 
stab ilizing the main jet to the burner' s ex it plane. The main jet inner diameter D=7.2 
mm with a pipe length exceeding 40D. The pilot' s inner and outer diameters are 7 .7 
mm and 18 .2 mm respective ly and the diameter of the outer wa ll of the burner is 18.9 
mm. The exi t of the wind tunnel which hosts the co-flowing air stream is 30 cm by 30 
cm. The fuel jet consists of a 25% CH4 and 75% air by volume. The partially 
premixed fuel helps in reducing the length of the flam e and provides a more stable 
fl ame than pure CH4 . Hence, the fl ame can be operated at reasonably hjgh Reynolds 
number (Re = 22,400) with little or no local extinction even with a modest pilot. 
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Figure 8.32: Experimentally observed image of Flame D (left) and close-up of the 
pilot flame (right). (Courtesy: Barlow and Frank (2007)) 
The mixing rates for this flame are high enough for the flame to burn as diffus ion 
flame with a single reaction zone near the stoichiometric mixture fraction without any 
indication of premixed reaction in the fue l rich mixture (Barlow and Frank, 2007). 
Hence although, the fuel is partially premixed, the flame can be categorised under 
non-premixed and the non-premixed combustion models could be tested. The pilot 
consists of a lean mixture of C2H2, H2, air, CO2 and N2 with the same nominal 
enthalpy and equilibrium composition as methane/air at 0.77 equivalence ratio. The 
temperatures of fuel jet, pilot and co-flow are 294 K, 1880 K and 291 K respectively 
while the bulk velocities are 49.6, 11.9 and 0.9 m/s respectively. 
8.4 RANS modelling of Sandia D jet flame 
The RANS based modelling of Sandia D has been conducted by several researchers in 
the past with the aim of studying the influence of thermal radiation in turbulent 
combustion processes. Coelho et al. (2003) employed full second moment closure for 
turbulence, laminar flamelet model for combustion and the discrete ordinates method 
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(DOM) for rad iative transfer calculations. They studied the importance of considering 
spectral effects and turbulence-radiation interaction (TRI). The performance of 
different methods of accounting the turbulence-rad iation was stud ied for the same 
flame by Coelho (2004). Recently, Xu et al (2006) studied the effect of considering 
TRJ in Sandia D by employing a multiple-time sca le k-E turbu lence model for 
turbulence, combination of PDF transport and Lagrangian fl amelet model for 
combustion and a finite vo lume/ correlated-k method for rad iation heat transfer. 
These works have shown that consideration of turbulence-radiation interactions can 
improve the predicted level of rad iation heat loss and interactions are caused mostly 
by the fluctuations in temperature than in major spec ies. It has also been observed that 
consideration of radiation heat loss results in notable improvements in temperature 
and NO predictions but the effect on major species is rather weak. Noti ceable 
radiation effects on the entire thermo-chemical structure would have been ideal for 
studying the all -round perfo rmance of the non-adiabatic model in the present study. 
However, given the limited ava ilab ility of experimental data for radiating flames of 
simple hydrocarbon fuel s which provide NO measurements, it is encourag ing that the 
level of rad iation loss in Sandia D flame is adequate enough to result in notable 
variation in atleast temperature and the pollutant NO which is crucial for testing non-
ad iabatic NO submodel s. 
The non-adiabati c flamelet model (NADM) employed in simulating the Sandia D 
flam e in the current study excludes turbulence-radiation interactions. The radiative 
transfer ca lculations for mixing field , temperature and major species concentrations 
employ Discrete Transfer Method which fa lls under the class of detailed methods for 
accounting radiation heat transfer. For the NADM -EPFM submodel ca lcu lations, the 
unsteady flame lets assume radiation heat loss through an optically thin limit 
approx imation. 
Simulations of Sandia D flame in the current study have been carri ed out with RST 
model for turbulence closure while combustion has been mode lled using both 
ad iabatic (SLFM) and non-adiabatic (NADM) fl amelet models. Po llutant NO for the 
adiabatic ca lculations has been modelled using the steady 0 submodel, SLFM-NO-
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TRE. For the non-adiabatic ca lculations, both steady and unsteady non-adiabatic NO 
submodels NADM-NO-TRE and NADM-EPFM have been employed. 
8.4.1 Computational set up 
The RANS simulations fo r Sandia D flame employ a 2D ax i-symmetric computational 
domai n (Fig. 8.33) which starts fro m the burner ex it plane in experimental 
configuration and ex tends in the axial directi on by 80 jet diameters. Along the radial 
direct ion, the domain extends by 40 jet diameters . This domain has been di screti zed 
by non-uniformly spaced 141 nodes along axial direction and 104 nodes along radial 
direction and this grid has been verified to produce grid independent results. 
[n rega rd to the boundary conditions, zero normal gradient conditions have been 
spec ified along the ax is symmetry and co-flow boundary. A lthough not identified in 
the figure, the wa ll th ickness of the main jet burner which separates main jet from the 
pi lot has been considered and no s lip condition with log- law based standard wall 
functions have been applied a long the wall . The near wall Reynolds normal stresses 
are computed tram turbulent kinetic energy using Eq. 4.34 whi le shear stress has been 
solved after impos ing zero dif fusion to the wall condition. At fue l, pilot and co-flow 
in lets, radial profi les of mean ax ia l velocity obtained from experiments (Sc1meider et 
al., 2003) have been mapped. Turbulence at the inlets has been specified by mapping 
the experimental profil es for the mean Reynolds normal stresses N, v"v" and the 
shear stress lI"v". The distribution of the mean normal stress component ;;!;i!' has 
been assumed to be equal to N. In add ition to the mean Reynolds stresses, mean 
turbulent kinetic energy k which is derived from the normal stresses and the mean 
di ss ipation rate E which is obtained from Eq. 6.48 have been specified. 
For the fuel in le t, the mixture fraction Z is set to I, whi le in the co-flow air stream it 
is set to O. The pi lot stream has a mixture fraction equa l to 0.27 (Bariow and Frank, 
2007). The mix ture fraction variance has been set equal to zero at all the inlets. For 
the NADM model, the enthalpies of various stream s need to be spec ified. The 
enthal py at each inlet is given by the summat ion of gross calorific value and sensible 
enthalpy. The enthalpy for fue l stream hrucI=9.0E+06 J/kg, co-flow stream heo-oow = 
2.9 E+05 J/kg and the pi lot stream hp ilo'= hrucl . Z + heooow.(l-Z). 
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Figure 8.33: Computational domain (top) and grid (bottom) used for RANS based 
modelling of Sandia D flame. Grid consists of 141 axial nodes by 104 radial nodes. 
8.4.2 Non-adiabat ic fla m elet modelling: results & 
discu ssion 
The temperature and enthalpy defect distribution obtained from the calculations 
conducted with NADM model in conjunction with RST model fo r turbulence closure 
are shown in Fig.8 .34. Flame stabilisation at the burner exit plane (xID=O) due to the 
pi lot flame can be observed in the predictions. Measurements show that the flame has 
a visible length of 67 D and a stoichiometric length of 47 D. Since, the cut-off 
temperature for visible length has not been reported, the latter has been used to 
compare the accuracy of predictions. The locus of the predicted stoichiometric mean 
mixture fraction has been plotted over the temperature distribution in Fig. 8.34. It can 
be observed that, the predicted stoichiometric length given by the location at which 
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the locus cuts the centreline, is approximately 45 D and hence in good agreement with 
measurements. From the distribution of enthalpy defect, it can be observed that the 
maximum enthalpy defect is - -160 kJlkg which is of the same order as the maximum 
defect observed in the HM 1 flame. However, focusing on the region bowlded by 
xlD=40-75 and y/D=0-3, it can be observed that enthalpy defect varies approx imately 
from -160 kJlkg to -80 kJlkg. The average heat loss is thus higher than that observed 
in HM I flame (- -60 kJlkg) and the loss occurs over a much wider region. This is 
expected to translate into a notable effect on reactive scalars. 
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Figure 8.34: Mean temperature (K) (top) and enthalpy defect (kJlkg) (bottom) 
contours ofSandia D flame predicted by RANS simulation with NADM model. 
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In Fig. 8.35, miXing field predictions from NADM model are compared with its 
adiabatic counterpart SLFM and measurements. Similar to the behaviour observed in 
HM I fl ame, the density field and hence the mixture fraction and its variance seem to 
be less influenced by the predicted level of heat loss. The overprediction in mixture 
fraction at loca tions xID =60 and 75 is a manifestation of the di screpancy in spreading 
rate and centre line decay rate of the fuel jet which is underpredicted here. This 
di screpancy occurs despite reducing the Schmidt number for the scalars vi z., the mean 
and vari ance of mixture fraction and mean enthalpy, to a value of 0.7 from the 
original 0.9 employed for HM I flame calculations. Hence, further tuning of the 
models constants in the pressure-strain term of the RST turbulence model and/or the 
Ct I constant in the turbulent di ssipation rate equation is necessary. However, the 
existing level of accuracy for the mixing predictions was found to be adequate to 
study the effects of radiation heat loss on mean temperature and NO mass fraction 
di stribution. 
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Figure 8.35: Radial profiles of mean and variance of mixture fraction at various axial 
locations in the Sandia D flam e. Predictions from adiabatic and non-adiabatic RANS 
simulations with RST model for turbulent closure. 
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The radial profi les of mean temperature shown in Fig. 8.36. The location xlD =30.0 is 
less influenced by radiation heat loss as already shown by enthalpy defect distri bution 
(F ig. 8.34) and hence both NADM and SLFM result in similar predictions for mean 
temperature . However the locations x/D=45, 60 and 75 fa ll within the zone where 
enthalpy defects reach maximum levels . Consequently, the mean temperature 
predictions are appreciably improved with NADM model at these locations. The 
maximwll reduction in temperature is achieved at xlD =60 where the difference in 
centreline mean temperature predicted by NADM and SLFM models can be observed 
to be - 200 K. Further downstream at x/D=75, the ex tent of reduction is - 150 K and 
thi s is consistent with the enthalpy defect distribution. It is noteworthy that the 
predicted levels of im provement wi th the NADM model are close to those observed 
by Coelho el at. (2003) and similar to hi s findings, the majo r species were found to be 
less influenced by the consideration of radiation heat loss. This is illustrated in the 
Fig. 8.37 where the radial profile compari sons fo r mean CO2 mass fraction are 
plotted. Signs of improvement at x/D=60 and 75 can be seen but the improvement is 
at best, modest. 
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Figure 8.36: Radial profi les of mean temperature (K) at various ax ial locations in the 
Sandia 0 flame . Pred ict ions fro m ad iabatic and non-ad iabati c RANS simulations with 
RST model for turbu lent closure. 
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Figure 8.38 : Radial profiles of mean 0 mass fraction at various axial locat ions in the 
Sandia D fl ame. Predictions from adiabatic and non-adiabatic RANS simulations with 
RST model for turbulent closure. 
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Finall y, the mean NO mass frac tions are compared in Fig 8.38. Un like the HM I flame 
where the transient effects dominate the radiation effects, the Sandia D flame shows 
dominant radiation effects. Comparing the steady non-adiabatic subm odel NADM-
NO-TRE pred ictions to its ad iabatic counterpart SLFM- O-TRE, remarkable 
improvements can be noticed at the locat ions x/D=45 to 75 wh ich are also the 
locations where improvements in temperature have been obtained. Considering the 
complexity of NO chem istry, it is quite encouraging that a simple steady transport 
equati on based approach could produce reasonably accurate results by cons idering the 
radiation heat loss. 
Inclusion of transient effects in add ition to radiation effects through the NADM-
EPFM submodel he lps in reducing the overpred iction. However, transient effects are 
not as pronounced as they are in HMI flame. Thi s perhaps could be explained by the 
relative lengths of the fl ames. The location xlD =75 in Sandia D flame corresponds to 
540 mm fro m burner ex it while the last locati on of ex perimental measurements x/D 
=2.4 in HM I flame corresponds to 120mm from burner ex it. Thus, the res idence time 
for the fl amelets in Sandia D flame espec ially in the last two measurement locations 
must be much higher than in HM I fl ame which brings their chemica l structure closer 
to steady state and henceforth decreases the transient effects. 
Overa ll , the strategy of turbulent fl ame ca lculations w ith NADM model and NO 
modelling with NADM-EPFM submodel provides a promising approach of modelling 
the detailed structure of turbu lent non-premixed fl am es. By accounting fo r both the 
effects of radiation heat loss and transient nature o f NO evolution, the strategy 
prov ides reasonab le level of improvement over SLFM based modelling in accuracy as 
well as robustness . Additionall y, for fl ames where transient effects are not 
pronounced, the strategy ofNADM in conj unction with a much simpler NADM-NO-
TRE submodel provides a valuable alternati ve. Future works can he lp in further 
corroboration of the predictive capabi li ty o f the NADM model by employing the 
model in highly radiating fl ames where the effect of radiat ion heat loss on major 
spec ies mass fractions is signifi cant. 
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Chapter 9 
Modelling of Turbulent Partially-
premixed Lifted Jet Flame 
In this chapte r, results of the investigation carried into the capability of the 
Flamelet/Progress Variable (FPV) approach based combust ion models, namely the 
FPV-8 function model and FPV-~ function model, to account for turbulent part ially 
premixed combustion occurring in a partially premixed lifted jet flame has been 
presented. Both the FPV models have been incorporated in LES as well as RANS 
frameworks thereby facilitating investigation of their predictive capabilities in both 
the simulation techniques. Additionally, RANS and LES based modelling has been 
carried out with SLFM to confirm its lim itations. 
The test case selected for modelling is the Berkeley CH4iair lifted jet flame in vitiated 
co-flow, experimenta ll y studied by Cabra et al. (2005). The vitiated co- flow resu lts in 
conditions similar to those encountered in gas turbine combustors and furnaces when 
a part ially premixed fuel interacts with recirculating hot combustion products. In 
addition, the vitiated co-flow introduces auto-ignition as a possible mechanism for 
fl ame stabi lization in addition to premixed flamelet front propagation (Cabra et aI., 
2005). 
Description of the experimental set up and conditions for the test case have been 
presented in section 9.1. Computational set up for the RANS simulations is presented 
in section 9.2 whi le the set up for LES is presented in 9 .3. A total of six simulations, 
three each in RANS and LES have been carried out using the SLFM, FPV -8 function 
model and FPV-~ function model for the baseline line case conditions reported by 
Cabra et al. (2005). Results obtained fro m these simulations have been discussed in 
the fina l section, 9.4. 
Modelling of Turbulent Partially- premixed Lif ted J et Fla me 
9.1 Experimental study of Berkeley lifted jet 
flame in v itiated co-flow 
A schematic o f the burner used fo r the experimenta l investigation of the partiall y 
premixed lifted jet fl ame by Cabra et al. (2005) is shown in Fig. 9. 1 (a) . It consists of 
a central nozzle with inner diameter of 4.57 mm and outer diameter of 6.35 mm. Fuel 
jet consisting o f a mixture of 33% CI-I 4 and 66% air at a temperature of 320 K is 
issued from the centra l nozzle with a bulk veloc ity YjCl= 1 00 m/so Surrounded by the 
central nozzle is a perforated plate of 2 10 mm diameter through whjch vitiated co-
flow air is issued at a velocity Yconow=5.4 m/so The surface of the perforated plate is 
located such that it is at a distance of 70 mm below the ex it plane of the fuel nozzle. 
The vitiated co- flow consists of products of lean premixed Hz/air fl ame (equivalence 
ratio = 0.4) at 1355 K. The entrainment of ambient air into the co-fl ow has been 
delayed by incorporating an exi t co ll ar which surrounds the perforated plate. This and 
the signifi cantl y larger diameter of co fl ow compared to the fuel jet, make the flow-
fi eld of interest unaffected by the ambient air. Hence the fl ame can be treated 
computationally as a two-stream problem. The conditions presented above correspond 
to the base li ne case stud ied by Cabra et al. (2005). 
Experimentall y captured image of the lifled flame is shown in Fig 9. 1 (b). The li ft-off 
height H, nominally corresponds 10 an average stabil ization position of the flame. The 
absolute li fl-off height H has been determined in the measurements by considering the 
lowesl point where the lum inosi ty of the fl ame has been detected. For the base line 
conditions, the measured mean lift -off height normalized over fuel jet diameter has 
been reported to be HID - 35. It has also been observed in the experiments that the 
lif1ed flame base is highl y unstable and fluctuates by several times the jet diameter 
thereby resul ting in extinction and re-igni tion. The current li fted jet fl ame thus tests 
the capability of FPY models to predict the extinction and re-ignition phenomena as 
well. 
The sensi tivity of the lift-off height with respect to veloc ities of the jet and co fl ow and 
the co flow temperature has been studied through experimentation as we ll as Joint 
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PDF calculations with modi fied-curl mixing model by Cabra et al. (2005) and the 
results showed that the co-flow temperature was most influential. A 5 % drop in 
coflow temperature was found to roughly double the li ft-off height. An important 
result from the parametric study was that auto-ignition of very lean mixtures which 
have the shortest ignition delay might be the controll ing mechanism. This was based 
on the argument that the modi fied-curl mix ing model which relies entirely on auto-
ignition for initial fl ame stabilization was able to capture the measured sensitivity of 
li ft-of height to coflow temperature. However, the experimental scattered data 
although limited with respect to number of measured locations, did not show such a 
preference fo r reactivity at very lean mixtures and hence the relative importance of 
auto-ignition and turbulent edge flame propagation in stabilizing these flames is still 
under investigation. 
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Figure 9. 1: (a) Burner schematic and (b) measured image of a turbulent CHJair lifted 
jet flame in vitiated coflow. (Cabra et al. 2005) . 
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9.2 Computational set up for RANS 
The RANS calculations of the li fted flames have been carried out in a 2D axl-
symmetric computational domain. Fig. 9.2 shows the computational domain which 
has been aligned vertically. Calculations are started from downstream (- 15 D, where 
D =jet diameters) of the burner ex it plane. This allows for fully developed flow at the 
burner ex it plane. The burner wall thickness has been modelled and this separates the 
fuel jet and coflow until the burner exit plane. The computational domain extends by 
- I 10 D from the burner exit plane in the ax ial direction and by - 22D in the radial 
direction. These lengths were selected to ensure that the predictions in the region of 
interest are not infl uenced by the boundary conditions on outlet plane and the co-flow 
boundary. At the outlet boundary, outflow condi tions have been specified while 
symmetry conditions have been specified along the axis of symmetry and the co-flow 
boundary. Along the wall boundaries, no-slip conditions have been imposed along 
with log-law based standard wall functions. 
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Figure 9.2: Computational domain and grid for RANS based simulations of Berkeley 
CH4/air lifted flame. The grid consists of 198x 11 0 nodes. 
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Near wa ll Reynolds stresses have been computed from turbulent kinetic energy using 
the algebraic funct ions (Eq. 4.34) while the shear stress has been so lved with the 
condition of zero diffusion to the wall. At the inlets to the domain, bulk velocit ies , 
turbulent intensity ( I %) and length scale (0.07 x inlet d iameter) have been specified. 
The inlet Reynolds normal stresses have been derived from turbulent kinetic energy 
by assuming isotropic turbulence. The mean mixture fraction at the inlet of the 
premixed fuel stream has been specified as unity while for the vi tiated co fl ow it is 
spec ified as zero. The va ri ance of mixture fraction has been spec ified as zero at both 
the inlets. These conditions are sufficient for carrying out SLFM based ca lculations. 
Calculations with FPV 0 function mode l requIre specification of mean reaction 
progress variable C . This has been given as zero at both the inlets_ For FPV P funct ion 
model the vari ance of reaction progress variable C·
, 
needs to be add itionall y 
specified and thi s has been given as zero at both the inlets. The progress variable 
based FPV calculations require a source of ignition to start the calculat ions. This has 
been provided by patch ing a small region a long the ax is of symmetry with a value of 
{; which corresponds to burnt mixture. It is to be noted here that the choice of the 
location of ignition did not prove to be of any consequence to the mean flame 
stabilization height obtained after convergence of the calculations. 
Ln the Fig 9.2, the grid used for the computations has also been shown. This grid has 
been tested to produce grid independent results and it consists of 198 non-uniforml y 
spaced nodes a long the ax ial direction and 11 0 non-uniforml y spaced nodes along the 
radial direction. 
9.3 Computational set up for LES 
The LES simulations employ a three dimensional computat ional doma in which is 
shown in Fig 9.3a. It extends axially (Z direction) 410 mm downstream from fuel jet 
inlet (- 90 D) and has a square cross section with dimensions along X and Yextending 
up to 200mm (- 44D). Unlike the RANS computations, the LES computations start 
right at the exit of the burner. Hence, as previously mentioned in section 6.6, mean 
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velocity di stribution at the fuel inlet is specified through a 117'h power law profil e (Eq. 
6.34). Measured co-flow mean velocity profi les at the burner exit plane were found to 
be more or less uni form (Ca bra el aI. , 2005) and hence, plug flow has been specified 
along the cofl ow inlet in the computati ons. At both fuel and co-flow inlet, turbulent 
fluctuations have been superimposed on the mean velocity by scaling the measured 
rms va lues of turbulent fluctuations with random numbers obtained from a Gaussian 
distribution. At the fuel inlet, filtered mixture fraction has been set to unity while it 
has been specified as zero at the co flow. For the FPY models, the filtered progress 
vari able and its subgrid vari ance have been set to zero at both the inlets. 
All the wa ll s have been treated as adiabatic and impermeable. Along the burner wall 
thi ckness which separates the fuel and co-flow inlets no-slip and zero normal gradient 
conditions have been assumed and the near wa ll flow has been modelled using log-
law based wall functions. The co-flow boundari es were assumed to be artifi cial 
fri ction less wall s and hence free-slip and zero normal gradient conditions have been 
imposed. At the outl et plane, convecti ve outlet boundary conditions have been 
imposed. 
Similar to RANS, computations with FPY model in LES too require a computational 
source of ignition at the start (I =0 sec.) of the time dependent calculations. This has 
been provided by patching a small region along the centerline (Z ax is) with a value of 
(; corresponding to burnt mixture. Here aga in, the location and s ize of the patched 
region has been found to be of no consequence to the time averaged fl ame 
characteristics obtained at the end of the calculations. To nullify the effect of initial 
conditions on the final results, calculations with both SLFM and FPY models were 
run for a sufficiently long time (about 30 ms for the FPY models) before the 
collection of statisti cs for eva luation of the time averaged structure of the flame. 
Adequate samples have been co llected in the stati stics co llection phase of the run by 
allowing fo r a minimum of 7 flow passes . The ca lculations have been advanced in 
time with a time step such that the variati on in COUl·ant number was limited to the 
range, 0.2 to 0.8. 
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Figure 9.3: (a) Computational domain and Cb) grid used fo r LES based modelling of 
Berkeley CH4/air lifted jet fl ame 
For the simulation with SLFM model, the modelled scalar di ssipation rate (Eq .5.2 1) 
has been found to result in instabili ty in the beginning of the calculations due to 
significant fluctuations in density. To overcome this problem, LES calculation with 
SLFM has been carried out initially with a constant scalar dissipation rate 
corresponding to equilibrium conditions for a minimum of two flow-passes (- 10 ms). 
The instantaneous solution at the end of this calculation has then been used as initial 
conditions for the main calculation where variation in scalar di ssipation was 
accounted. For the simulations with FPV models, no instability issues have been 
encountered either due to the chemical source term or the progress variable variance 
source terms. 
The grid used for the computations is shown in Fig. 9.3 (b) . The rectangular grids in 
z-y and x-y planes correspond to hexahedral cell s in their three dimensional form . The 
distribution of grid points was not determined by any systematic rules, but rather by 
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experience and trail-and-error, although general req uirements are that the grid shou ld 
be smooth and refined along the ax ial direction at the fuel jet. The size of the grid is 
85 x 85 x 150 ce ll s in the X, Y and Z directions, respectively, and has been 
determined by cost considerations as the largest grid on which the simulations could 
be completed in a reasonable span of time. All the simulations have been serially 
processed on the in-house Linux High Performance Computing facility , Husky. The 
SLFM model based ca lcu lation required a total process ing time of about 40 days 
while both the FPY models required nearl y 30 days. The ca lculation with FPY-~ 
function model however demanded significantly higher amount of RAM than that 
with the FPY-o function model. 
9.4 Results and discussion 
In tltis section, predictions from RANS and LES based modelling with the three 
chemistry models, the SLFM, FPY-o function mode l and FPY-~ function model are 
compared to one another as well as with experimental measurements. The aim of 
these comparisons is to veri fy the accuracy with which the FPY models are able to 
capture the gross characteristics and behav ior of the flame, such as flame lift-off, 
ignition and extinction assoc iated with fluctuating flame base. Calculations of mean 
distributions of major species concentrations and pollutant NO are not the target of the 
current work. The results obtained from the three models with RANS calculations are 
presented fi rst. 
9.4.1 Performance of SLFM & FPV models in RANS 
Mean mixing field and temperature distribution 
The mean mixture fraction contours are shown in Fig 9.4. [n each of the plots, the 
stoichiometric mixture fracti on (Z,,=0. 17) contour has been identified. For the SLFM, 
the shape of the contour and gradual spreading of the jet resemble the mixing 
characteristics in a typical diffusion flam e. For the FPY-o function model , careful 
observation of the Z" contour and its fuel lean surroundings at xlD - 15 reveal a 
sudden expans ion. This expansion is more pronounced with the FPV -~ function 
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model and is observed to take place further downstream, xlD - 40. This expansion 
suggests a sudden rise in the heat release due to chemical reaction. Another noticeable 
difference between the models is in the leve l of fuel jet penetration. The level of 
penetration is highest with SLFM and lowest wi th the FrV ~ fu nction model which, 
indicates that the leve l of entrainment of the vitiated co-flow air into the fuel jet is 
more in case in SLFM. The effect of these differences in mixing field on the 
temperature di stribution can be observed in Fig 9.5 . The higher leve l of jet 
penetration wi th SLFM is in fact an indication of an attached fl ame. The presence of a 
fl ame attached to the rim of the burner inhibits the entrainment of the vitiated coflow. 
The attached flame is illustrative of the inability of SLFM to handle partiall y 
premixed combustion typical in turbulent lifted flames. With quenching of partially 
premixed flame lets as the only possible means to a detached flam e and no account of 
the degree of completeness of a chemical reaction , the SLFM is inadequate to predict 
fl ame lift-off. 
On the other hand, both the FrV models are quite success ful in predicting the lift-off 
phenomenon. The sudden expans ion in mixture fract ion distribution observed with the 
Frv models at a particular location above the bumer corresponds to the stabilization 
of the fl ame at that location. Upstream of the base of the fl ame corresponds to an inert 
mixing zone where the premixed fue l jet mixes with the hotter vitiated coflow which 
not only increases the temperature of the fuel prior to ignition but also makes the fuel 
leaner. Stabi lization of the fl ame with both the Frv models can be observed to take 
place along the sto ichiometric contour. 
However, the height at which the flame stabili zes above the burner seems to be 
influenced significantly by the form of the PDF for reaction progress variable. The [) 
function model ignores the fluctuations in progress variable which, although 
simplifies the FPV formulation, is a gross treatment especially when used with 
RAN S. As a consequence, the flame stabilizes at almost half the height at which 
flame stabi lization is pred icted by the ~ function mode l. In the ~ function model, the 
chemical source term is influenced by both the mean and va riance of reaction progress 
variable and thi s can be observed to result, not only in a greater li ft -off height but also 
a wider fl ame base. Given the measured li ft-off height HID - 35, the fl ame structure 
predicted by FPV -~ function model seems to be in better agreement. 
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Figure 9.4 : Predictions of mean mixture fraction contours from RANS simulations of 
Berkeley Ct4Iair lifted jet flame at baseline conditions. 
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Berkeley CHJ air lifted jet flame at baseline conditions. 
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For a quantitative comparison with the measured lift-off height, a definition has to be 
in place for estimating the lift-off height from predictions. As previously me ntioned, 
the definition of li ft-off height as per the measurements reli es on the lowest location 
where luminosity in the flame is detected. Measurements also indicate that the peak of 
the light emitting species occurs at nearl y the same location as the peak of the 
maximum heat re lease. Cabra et al. (2005), for their predictions from Joint PDF 
ca lculations, employed a definition based on the average of the ax ial locations where 
peaks of C2H4 and C21-12 occur. These intermediate spec ies have been observed to 
bracket the max imum heat release accordi ng to their results from auto-ignition 
calculations. For the current computations with FPV models, use of the above 
definition is prohibited by computat ional cost cons iderations. Hence, the axial 
location, at which peak chemical source term which is representati ve of peak heat 
release, has been used to estimate the lift-off height. 
Mean ch emical source term distributio n 
The di stributions of mean chemica l source term as predicted by each of the FPV 
models are shown in Fig 9.6. A distinct thin zone where the chemical source tenn is 
subjected to steep variation can be observed in both the plots . This zone corresponds 
to the mean lifted flame base and it can be seen that the FPV-o function model 
predicts a narrower flame base as compared to P function mode l. Within thi s zone, the 
peak values of the chemical source term are fou nd to occur at or around the vicinity of 
stoichiometri c mixture fraction. For a mode l which does not consider the variance in 
progress variable, it is expected that the chemical source term be higher than when 
variance is considered. The peak va lue of chemical source term as predicted by FPV-o 
function model is - 600 (kg/kg-s) although the max imum level in the contours has 
been curtailed for the sake of clarity. And this occurs at the axial location xlD - 17.2 
which is in comparison to the measurements is nearl y 50% shorter. [n compari son to 
this, FPV -P function model predicts a peak va lue o f chemical source - 350 (kg/kg-s) at 
the axial location x/D - 43. Thus , although the lift-off height is overpredicted by 
about 27%, the FPV -P function model clearly has better physics incorporated. For 
further investi gation into the performance of the FPV models, comparisons have been 
made between the predicted and measlU'ed rad ial profiles of mean mixing fi eld and 
mean temperature. 
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Figure 9.6: Predicted distribution of mean chemical source ternl from RANS 
simulations of Berkeley CHJ air lifted jet flame at baseline conditions. 
Radial profiles of mean temperature 
Figure 9.7 compares the measured radial profiles of mean and rnlS fluctuations of 
mixture fraction with predictions from RANS- FPY calculations at various axial 
locations in the flame. At x/D=1.0, which is the location right adjacent to burner exit, 
measurements indicate steep variation in the mean mixture fraction which 
corresponds to inert mixing whi le the rrns fluctuations indicate a sharp peak 
corresponding to the shear layer between the jet and coflow. At this location 
(x/D= 1.0), the mean mixture fraction predictions from both the FPY models are in 
good agreement with measurements while the predictions from SLFM show a slightly 
broader profile that suggests an attached flame. The peak value of rrns fluctuations at 
this location is overpredicted by all the models while the SLFM predicts a broader 
profile. The presence of chemical reaction and hence an attached flame with SLFM is 
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apparent from the radial profiles of mean temperature shown Fig 9.S. At xID= I.O, the 
SLFM pred ictions show a sudden rise in the temperature above the coflow 
temperature of 1355 K while both the FPV m odels capture the measured behavior. 
At xID = 15.0, the measured mean and nns fluctuations of mixture fraction and 
temperature profi les are slightly broader as compared to the first locati on however no 
sign of chem ica l reaction is indicated as the maximum temperature corresponds to 
that of co flow. The broadening is hence entirely due to the entrainment of the vitiated 
air into the j et which also raises the temperature of the fuel jet. The SLFM results in 
significant overprediction in the mean and rms fluctuations of mixture fraction as we ll 
as the temperature which corresponds to the unreali stic chemica l reaction at thi s 
location. The mean mixture fraction predictions from both the FPV models at thi s 
location are in good agreement with the measurements although the predicted radial 
distribution is somewhat broader. Since, the conditions at this location are of pure 
inert mixing, the di screpancy in mean mixture fraction seems to be entirely due to the 
overprediction of jet spreading rate by the RST turbulence model. This also seems to 
be cause for the overprediction in the rms of mixture fraction fluctuations and the 
slight underprediction observed in the mean temperature at thi s location. 
At xlD =30.0, the measured mean temperature profile still shows no indicatio n of 
chemical reaction. However, both SLFM and FPV -8 function model indicate the 
presence of a fl ame. The predicted mean temperature pro files prov ide an indirect 
indication of the locati on of fl ame stabil ization. As already mentioned, the FPV-8 
function model underpredicts the mean lift-off height and results in fl ame stabili zation 
at xfD - 17.2. The presence of flame increases the extent of penetration of the jet and 
the rad ial spread and this explains for the significant overprediction in the mean and 
rms fluctuations with the FPV-8 function model as we ll as SLFM. The FPV-P 
function model however predicts an inert mixing zone inline with the measurements 
at thi s location. 
At x/D =40.0, the measured mean temperature profile indicates the ex istence of 
chemical reaction with the peak va lue of mean temperature (1500 K) exceeding the 
co flow temperature. This corroborates the measured observation that the flame 
stabi lizes at xlD - 35 . Both SLFM and FPV -8 function models result in appreciable 
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overprediction of the mean temperature as we ll as the mean and rms fluctuations of 
mixture fraction due to the earl y occurrence of the flame. On the other hand, the mean 
temperature profile predicted by the FPV -~ function model still shows no signs of 
chemical reaction with the maximum mean temperature still equal to that of coflow 
(1355 K). This corroborates the finding that the FPV -~ function model overpred icts 
the lift-off height and hence even at x/D=40.0, the model predicts inert mi xing 
condition. The overprediction in mean stabil ization height with FPV-~ function model 
explains for the discrepancy in its predictions of mean temperature and the mean and 
rms fluctuations of mixture fraction. The predicted mean temperature and mixture 
frac tion at the centerline however can be observed to be in good agreement with 
measurements. This is because, in practice, although the fl ame stabilizes at x/D =35.0, 
its fue l core ex tends by more than 5D before a substantial change in mixture fraction 
or temperature due to entrai mnent could be fe lt. Hence, at x/D=40.0, the measured 
centerline mean temperature is only a 100 K higher than that at x/D=30.0. 
From the distribution of chemical source term (F ig 9.6) it was found that the FPV-~ 
function model predicts flame stabilization at x/D - 43. This finding is validated by 
the prediction of chemical reaction by FPV-~ fWlction model at x/D=50.0. The FPV-~ 
function model along with SLFM and FPV-o function models, predicts peak mean 
temperatures close to 2000 K. However, the measured centerline and peak 
temperatures are much lesser (by 500 K) than the pred ictions from all the three 
models at this location (xlD=50.0). 
The overprediction in mean temperature with both the FPV models at this location 
seems to be a manifestation of the discrepancies observed in the predicted mean 
stabilization heights. Also, Cabra et al. (2005) reported fro m their measurements that 
the flame base was found to fluctuate along the vert ical distance by several jet 
diameters (x/D=30 to 50 or more). Fluctuation of the flame base is associated with 
extinction and re-ignition phenomena which consequently result in mean temperatures 
than are lower than those observed with a stable flame base. Thus, it seems that the 
RANS calculations with FPV models are unable to account fo r fluctuation in the 
flame base. 
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Figure 9.7: Radial profiles of mean and rms fluctuations of mixture frac tion at various 
ax ial locations in Berkeley CH4/air lifted jet flame. Predictions correspond to RANS 
calcu lati ons at base line conditions. 
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Figure 9.8: Radial profiles of mean temperature (K) at various ax ial locations in the 
Berkeley CJ-I 4/air lifted jet name. Predictions correspond to RANS ca lculations at 
base line conditions . 
Also, present calculations have not considered the effects of rad iation heat 
loss which may be important given the high temperatures prevalent at thi s location . 
(x /D =50.0). Thus, it is not clear as yet whether the overprediction in mean 
temperature observed at this location (x /D=50.0) is due to (1) omission of radiation 
heat loss or (2) limitations in steady RANS modelling approach or (3) limitations in 
the FPY formulation. The results obtained from LES based modelling with FPY 
models (discussed in section 9.4.2), provide a fair idea on the extent factors 2&3 
contribute the di screpancy. 
Finally, at xlD =70.0 which is sufficiently far from the fl ame stabilization reg ion, the 
measured and predicted mean and rms nuctuations of mixture fraction and the mean 
temperature are in good agreement for all the three mode ls. The fact that the 
predictions from SLFM are similar to those from FPY models indicates that the name 
at this location burns essentially as a diffusion name and the reaction has reached its 
completion which corresponds to the condition of maxi mum progress variable in the 
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FPY calcu lations. Also, the fluctuations in reaction progress variable are negligib le as 
indicated by the similarity in the predictions of both the FPY models. 
9.4.2 Performance of SLFM & FPV models in LES 
1n LES of reacting flows, all the chemical sca les are unreso lved and hence, similar to 
RANS, combustion is entirely mode lled. Thus, the combustion mode ls, SLFM, the 
FPY-8 function model and the FPY-p fu nction mode l, are common to both RANS and 
LES expect for the few differences discussed in Chapter S. However, in LES, the 
large scales o f turbulence which contain the majority o f the turbulent kinetic energy 
and have significant influence on mixi ng characteristics, are reso lved unlike in RANS 
where all the sca les of turbulence are modelled. Since turbulence and chemistry are 
coupled in reacti ve flows through the vari able density, elaborate accounting o f 
unsteady large scale turbulent motion, in principle, is expected to improve the thermo-
chemical structure predictions of the turbulent fl ame in comparison to RANS . Thus, it 
is of interest to veri fy the predictive capability of the combustion models, particularl y 
the FPY-8 function and P fu nction models in LES. Also, since LES involves time 
marching calculations, it is o f particular interest to veri fy the abili ty of the FPY 
models to capture the unsteady phenomenon of fluctuating flame base. 
Mean temperature distribution 
The mean temperature di stri butions predicted by SLFM, FPY -8 function model and 
FPY-p function model when employed in LES are shown in Fig 9.9. The mean 
temperatures have been obtained from LES by time averaging the instantaneous 
filtered temperatures collected for a time period o f 30 ms during the statistics 
collection phase of the LES run . From the mean temperature contours, it is c lear that 
the trend observed with RANS simulations has been reproduced by LES. The SLFM 
results in an attached fl ame while both the FPY models are able to predict fl ame li ft-
off with the FPY-8 function model pred ict ing a shorter li ft as compared to the FPY-p 
func ti on model. 
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Figure 9_9: LES predictions of mean temperature (K) contours for Berkeley CH4/air 
lifted jet flame at baseline conditions. Contours plotted along the mid-plane (X=O) of 
the LES computational domain. 
For the FPV-~ function model , the mean temperature predictions from LES show a 
noticeable difference in comparison to RANS (Fig 9.5). The lowest axial location 
where the mean temperature crosses the co-flow temperature (Tc = 1355 K) is 
lowered by more than 10 jet diameters with LES in comparison to RANS where the 
crossover occurs only after x/D - 40. This is expected to correspond to a stabilization 
height lower than that predicted with RANS (x/D - 43). Infact, using the peak 
chemical source term as the indicator for the location of flame stabilization, the 
stabilization height with FPV -~ function model in LES has been found to occur at the 
ax ial location zlD - 35.4. This is in excellent agreement with the measured lift-off 
height of HID - 35 thereby indicating a remarkable improvement in the predictive 
capability of the FPV-~ function model. 
Another noticeable difference in the LES and RANS mean temperature predictions 
with the FPV-~ function model is in the axial length of the fuel rich core region that is 
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surrounded by the flame base or the fl ame stabi lization region. The ax ia l length of the 
fuel core region has been identified by Lc in Fig 9.9. For convenience o f studying the 
differences between LES and RANS predictions, Lc is defined here as the di stance 
between the upstream and downstream ends of the flame stabilization region where 
the mean temperature equals the cofl ow temperature. The boundary which demarcates 
the region of the flame which has a mean temperature less than equal to co flow and 
the region with a mean temperatw'e above co flow has been identifi ed by Tc in the Fig 
9.9. The LES predictions show the core extending by roughl y 100 (zld - 30 to 40) 
while the RANS FPV-~ function model predictions (Fig 9.5) indicate a core of 
roughl y half the length (x/0 - 4l to 45). 
Similar differences between LES and RANS could be observed w ith mean 
temperature predictions from FPV -0 functio n as well. The RANS pred icti ons (Fig 9.5) 
indicate that the fue l core region surrounded by flame stabili zat ion reg ion ex tends by 
- 150 (xIO - 16 to 3 1) while LES predictions show the core region ex tending by 
- 200 (x/O - IS to 35). The stabili zation height with FPV-o function model in LES has 
been found to occur at the ax ial location zID - 24.4 based on the peak chemical 
source term . This is an encouraging improvement in comparison to RANS where the 
predicted height with the FPV-o functio n model was xlO - 17.2. However, in 
comparison to the measured lift-o ff height, the LES FPV-o function model predictions 
are still 30% lower. 
An increase in the length of the core observed with both the FPV models could be an 
indirect indication that the LES ca lculations are able to predict extinction and re-
ignition associated with the wlsteady behavior of the fl ame base. This is based on the 
argument that if the flame base were to fluctuate by several diameters along the axia l 
length, the length of the centTal co re too should extend by similar magnitude and 
eventuall y the mean length of the core should be longer than that for a stab le flame 
base. In order to verify if there is any merit in this argument, instantaneous snapshots 
of filtered temperature distribution have been studied . 
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Instantaneous temperature distribution 
In Fig 9. 10, the instantaneous filtered temperature distributions pred icted by LES 
FPV-~ fu nction ca lculations have been shown for 6 di fferent times. In all the contour 
plots, the boundary Tc serves as a guide for locating the fl ame base and consequently 
the fue l core reg ion that it surrounds. The instantaneous shape of the fl ame base can 
be observed to be highly asymmetric and corrugated and vari es significant ly wi th 
respect to time. 
At time t = 0.0 ms, the fuel core region has an axial length of roughly 10 D (zID- 30 
to 40) and its width is rather uniform. At time t =2 .5 ms, the downstream end of the 
flam e stabilization zone can be observed to have extended till xlD - 53. This 
corresponds to a fue l core region of length - 23 D which is double that observed at 
t=0.0 ms. The width of the fue l core region is no longer uniform and its reduces from 
the upstream end of fl ame stab ili zation to the downstream end. At time t =5.0 ms, it is 
evident that the waning of the downstream end of fl ame stabi lization zone has already 
begun. The length of the fuel core can be observed to have decreased by 
approx imately 5D while the fue l core has partl y regained uniformity in its width . As 
the location of the downstream end of the flame stabilization zone decreases to zID < 
40 at time t= 11.5 ms, the length of the fuel core too can be observed to have 
decreased to less than 10 D. And thi s decrease in the length is assoc iated with an 
increase in the width of the fuel core which is now more uniform than at ti me t = 0.0 
ms. Thus, the fluctuation in the downstream end of the flame stab ilization zone has a 
direct influence on the characteristics of the fuel core region. 
Therefore, it is confirmed that the increase in the mean length of the core observed in 
the LES predictions (F ig. 9.9) of both the FPV models is indeed an indication of the 
abi lity of the models to predict the fluctuation in the fl ame base and hence the 
phenomenon of extinction and re- ignition. The instantaneous plots in Fig 9.10 indicate 
that the predicted fluctuation is mainly that of the downstream end of the fl ame 
stabilization zone and it occurs in both ax ial and lateral directions. The extent of 
fluctuation in the height of the upstream end of the flame stabi lizat ion zone which lies 
more or less on the Z" contour is not appreciable. Hence the predicted extinction and 
re- ignition is essentially on the fue l rich side of the stoichiometric mixture fraction. 
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Figure 9. 10: Variation in the instantaneous filtered temperature (K) distribution with 
respect to time. LES FPV-P function model predictions of Berkeley CH,Jair li fted jet 
flame at baseline conditions. All contours plotted along the mid-plane (X=O) of the 
LES computational domain. 
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Similar findings have been fo und fro m the instantaneous fil tered temperature 
di stributions o f FPV -0 function model and hence not shown here. The quantitative 
accuracy of these fi ndings has been veri fied by means of scattered temperature data 
corn pari sons which are discussed next. 
Scattered temperature data 
In addition to the radia l profi les of mean mixing fie ld and reactive sca lars, Cabra et al. 
(2005) have provided the scattered data of temperature fo r the CH4/air li fted j et fl ame 
fo r the base line conditions. In the LES ca lcul ati ons with FPV models, the 
instantaneous filtered temperature d istributions across the domain have been stored 
over a period of 30ms during the stati stics co llection phase of the run . These 
distributions were used to extract the predicted scattered data for temperature. 
[n Fig 9. 11 , the experimental and measured scattered data for temperature has been 
plotted for va ri ous axial locations in the flame along the mixture fTaction space. The 
experimental data at the first (z/D=30.0) and the last (z/D=70.0) locations correspond 
to the two limiting states of the turbulent fl ame. The majority of the experimental 
samples at location zlD=30.0 represent the inert mixing state whil e those at zlD=70 .0 
are full y reacted and represent equilibrium limit. Between these two locations, the 
measured behavior of the fl ame is essentially bi modal. The majority o f the samples lie 
close to mixing or equilibrium limits with re latively lesser num ber of partially reacted 
samples in between. These parti all y reacted samples are greater in number in the 
conditions prevail ing on the fuel rich side of the stoichiometric mixture fraction than 
on the fuel lean and at the stoichiometri c conditions. From the measured samples at 
z/D=30.0 there is already ev idence of chemical reaction while at z/D=50.0 there are 
still numerous samples which are in inert mixing state . Hence, the li fted fl ame base 
fluctuates over a vertical d istance of about 20 D. 
Focusing attention on the FPV-o functi on mode l predictions at the ax ial location, z/D 
= 30.0, it can be seen that the majority of the samples have already reached the 
equilibrium limi t. Thi s corroborates the fi nding that the model underpredicts the lift-
off height even with LES. Between the conditions o f Z=O to 0.4, few parti all y reacted 
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samples can be observed but none of them reach the inert mixing condition. Presence 
of samples in the inert mixing state can only be observed for the conditions o f Z > 0.4 
which prevai l wi thin the fuel ri ch core region. The significant amount of extinction 
and re-ignition occurring within this region indicate that the fl uctuations in the fl ame 
base are mainly in its downstream end. Such an obse rvation has also been made from 
the contours of instantaneous filtered temperature di stributions (a lthough shown only 
for FPV ~ function model in Fig 9 .10). 
[n contrast to the FPV -8 functi on model, the FPV -~ function model predictions at zID 
=30.0 are in good agreement with the measured behaviour of the fl ame. The FPV-~ 
function model predictions show the exi stence o f samples corresponding to pure 
mixing along the entire range of mixture fraction conditions wi th part ia ll y reacted 
states restri cted to conditions of Z < 0.4 . Similar to experiments, the majori ty of 
samples are in the inert mixing state thereby indicating that fl ame stabili zation has 
occurred further downstream . The broad distribution o f the samples predicted by 
FPV -~ function model are quite consistent with the measurements and also are similar 
to the predictions reported by Cabra et al. (2005) from their RANS joint PDF 
calculations with the M-Curl and EMST mixing models. 
At zID=40.0, the FPV -8 functi on model predictions fail to capture the measured 
bimodal behav ior. Maj ority of the predicted samples are full y reacted and are in the 
equilibrium state. Due to the shorter fl ame stabilization height with the 8 function 
model, the jet penetration is overpredicted and thi s results in conditions of Z > 0.4 
which are non-existent in the measurements. However, for the fuel ri ch conditions of 
Z > 0.4, the 8 function model does predict a fa ir ainount o f samples in inert mix ing 
and partially reacted states thereby showing that the predicted fluctuation in the 
downstream end o f the fl ame base extends till zlD =40. 
Studying the FPV -~ function model predictions at zID =40.0, the predicted conditions 
of the mixture fraction (Z=O to 0.4) can be found to be in exce ll ent agreement with 
measurements. This suggests that the predicted extent of fue l jet penetration and 
hence the he ight of fl ame stabilization, are inline with the measurements. 
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Figure 9. 11 : Predicted and measured distributions (scattered data) of instantaneous 
temperature (K) at four axial stations in the Berkeley CH4/air lifted j et fl ame at 
basel ine conditions. 
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A significant a mount o f full y reactcd samples can be observed from the predictions 
and hence the flame stabi lization can be confirmed to have occurred between the ax ial 
locations, zlD=30.0 and 40.0. This corroboratcs the finding that, the lift-off height 
predicted by FPV -/3 function model with LES IS around z/D- 35.4 Unlike the 0 
function model, the /3 function model is able to successfull y predict significant 
amount of inert mixing and partiall y reacted states between Z=0.3 to 0.4. 
However, similar to the 0 function model , the /3 function model is also unable to 
predict the inert mixing states for conditions at or on the fuel lean side of the 
stoichiometric mixture fraction. This is consistent with the previous observation from 
the instantaneous temperature plots in Fig 9. 10, that the fluctuations in the upstream 
end of flame base are rather modest in compari son to its fue l rich downstream end. 
At zlD=50.0, the FPV-o function model predictions show no trace o f inert mixing 
along the entire range of the mixture (Taction conditions. Due to the underprediction 
in the lift-off height, the fluctuations in the flame base do not reach as far zlD=50.0. 
Discrepancy in the predicted mixing conditions due to shorter lift-off height is evident 
at thi s location as well. While the measured conditions are limited to Z=0.35, the 
predicted conditions with FPV -0 funct ion model ex ist beyond Z=O.4. The mixture 
fract ion conditions predicted by FPV-/3 function model on the other hand are 
relative ly in better agreement with measurements although the conditions are sli ghtl y 
richer. This discrepancy can be attributed to the fact that although the /3 function 
model is able to predict the correct mean li ft-off height, it is unable to predict the 
measured extent of fluctuati ons in the upstream end of the flame base. Hence the 
extent o f entrainment of the coflow ai r is underpredicted which leads to fuel 
conditions in the core richer than measured . Fluctuations in the downstream end of the 
flame stabi li zation zone are however well predicted by the /3 function model as 
indicated by the presence of inert mixing states between Z=O.3 to 0.4. 
Further downstream at z/D=70.0, both the FPV models result in fully reacted samples 
and the predicti ons are inline with the measurements. The form of the PDF for the 
reaction progress variable can be observed to be of less consequence at this location. 
The fl ame is fully reacted and the fluctuat ions in the progress vari able a re negligible . 
Hence the shape of the /3 PDF tends towards a 0 function. 
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From the scattered data comparisons, it is clear that the accuracy of FPV-~ function 
model in predicting the fluctuation in the fuel rich downstream end of the fl ame base 
is superior to that of 15 function model. The FPV-~ function does exceedingly well in 
capturing the broad flame base of the lifted flame. However, neither the FPV-~ 
function model nor the 15 function model are able to completely predict the measured 
leve l of fluctuations in the upstream end of the flame base which prevail s in 
conditions at or on the fuel lean s ide of the sto ichiometric mixture fraction. The 
reasons behind thi s discrepancy are not clear. 
Radial profiles of mean temperature 
It is now clear that both the FPV models predict, with LES, certain degree of 
extinction and re-ignition associated with the flame base fluctuation and the mean lifl-
off heights are significantly improved in comparison to RANS. The underpred ict ion 
in mean lift-off height with FPV-15 function model is reduced from 50% (in RANS) to 
30% (in LES) while the overprediction in mean lift-off height with FPV-~ function 
model is completely addressed with LES. The extent these improvements affect the 
mean temperature distribution predictions within the fl ame has been verified by 
comparing the rad ial profiles of temperature shown in Fig 9. 12. 
At z/D= I.O, the RANS predictions show slightly better accuracy than LES 
predictions. This may be due to the better flow conditions at the burner exit. With 
RANS, the extended inlet allows for simulation of fl ow conditions at the burner exit 
whi le for LES the computational domain starts at the burner exit plane and 
approximate mean ve locity profiles have been mapped at the inlets. However, the 
effect of inlet conditions is onl y short lived and infact at zlD=15 .0, the LES 
predictions with both the FPV models are better than those of RANS . 
At z/D=30.0, the LES predictions with FPV-15 function show improvement over 
RANS although the deviation with respect to measurements is still substantial. This is 
due to the fact that with LES, the FPV-15 function model predicts a mean lifl-off height 
of zlD- 24.4 in comparison to x/D- 17.2 with RANS. Thus although the mean lift-off 
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height is improved with LES, it is still 30% lower than the measured height. 
Comparison of the LES and RANS predictions with FPV-P functi on model at 
zlD=30.0, shows minor improvements with LES predictions in the fuel lean 
condi tions (radius=20mm). This can be attributed to the model 's ab ility in LES to 
predict both partia ll y reacted and inert mixing samples at thi s location (F ig 9.11 ). 
Downstream at zID =40.0, the FPY-o function model with both RANS and LES can 
be observed to result in overprediction due to the shorter flame stabilization height. 
However, the overprediction observed with FPV 0 function model in RANS, is 
significantly reduced (up to - SOOK) near the centerline by its use in LES. This seems 
to be the effect ofFPV-o function model's ability in LES to predict notable amount of 
fluctuation in the downstream end of the fl ame base which lies in fuel rich conditions 
but not quite in the upstream end where the conditions are at or on the leaner side of 
stoichiometric mixture fraction Thus, the deviation observed with RANS FPY-o 
function model pred ictions at this location can be attributed to both the model 's 
limitation to predict shorter lift-off height as well as the inability of RANS modelling 
approach to fac ilitate accounting of large scale fluctuations. 
At the same location (zlD=40.0), the FPV-P function model predictions with LES 
show a qualitative improvement over RANS in that the occurrence of chemical 
reaction is captured at this location. Since the P function model in LES is not able to 
capture the same level of extinction as measurements indicate at this location (Fig 
9.1 1), the mean temperature di stribution is overpredicted. Sti ll , the mean temperatures 
near centerline are better predicted by LES FPV-P function model than LES 0 
function model. This is consistent with the FPV-P function model's prediction of 
greater number of partially reacted samples on the fuel ri ch side of stoichiometric 
mixture fract ion (zID=40.0 in Fig. 9. 11 ). 
At zID=SO.O, the improvements with LES are rather modest since neither of the 
models is able to predict the same level of bimodality as observed in measurements. 
(Fig. 9.1 I). With either of the models, the overprediction observed with RANS, is 
im proved near the centeriine (up to 200K) with LES. However, away from the 
centeriine RA S predictions seem to fare better with either of the models. Such a 
trend could be observed for zID=70 .0 as we ll. While the exact reasons behind the 
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better accuracy with RANS are not clear from the present level of investigation, it 
seems that the tendency of the models, in LES, to predict extinction only in the fue l 
rich region close to centerline seems to have rather complicated effects on the mixing 
characteri stics and consequently the temperature. 
Thus, the current LES methodology does seem to ass ist 111 improving the overall 
predictive capability of the FPY models in comparison to RANS. However, the extent 
of improvement is limited by the accuracy of the subgrid scale combustion model. 
The FPY models are not yet able to capture the extinction associated with the 
fluctuation in the upstream end of the flame base in fuel lean conditions which seems 
to contribute to the overprediction of mean temperature. Also , since the models are 
currentl y based on an adiabatic formulation, radiation heat loss effects are not 
accounted and thi s may partly explain for the overprediction in mean temperature. 
It is, however, quite encouraging that the FPY models provide maj or advantages over 
SLFM. Unlike SLFM, both the models are able to predict the phenomenon of flame 
lift-off even with steady RA S approach. When extended to LES, the FPY models 
are al so ab le to predict certain degree of flame base fluctuati on which is indeed 
promising. Adopting LES seems to be useful especial ly with FPY -~ function model, 
as the predicted lifted flam e base characteri sti cs (F ig. 9. 11 , zID=30.0) and the mean 
lift-off height are in exce llent agreement with measurements. With further refinements 
to this model, LES could be employed with greater benefit to accurately capture the 
structure of turbulent partially premixed flam es. The observed sca le up in accuracy 
with FPY -~ function model in compari son to the Ii function model (in LES) justifies 
the additional pre-processing effort and computational memory requirements required 
by the ~ function model. The model thus presents in itself an interesting prospect for 
further research . 
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Chapter 10 
The classical s teady laminar fl amelet model (SLFM) is a popular choice for RANS 
based modelling of turbulent non-premixed combustion in several practical 
applications and its extension to LES of turbulent non-premixed combustion has 
gained significant interest in the recent years. However, the model's accuracy in 
regard to slow chemical processes like pollutant NO formation, non-adiabatic effects 
due to radiation heat loss and loca l extinction and re-ignition phenomena is an area of 
concern and there is practical interest in enhancing its formulation to address the 
issues. Addi tionall y, it is also seen as an added advantage to extend the model's 
ability to account for turbulent partial ly premixed combustion which is increasingly 
being adopted in practical combustion equipment. Advancements in the model ' s 
predictive capability are considered to be essential for not onl y enhancing the 
predictive capability of RANS modelling approach which is currently the main 
predictive tool in industry but also for benefiting from the sophi sti cation of LES. This 
provides the motivation for the current work. 
The present work has been undertaken with two main objectives . Firstl y, a RANS 
based turbulent non-premixed combustion modelling strategy, which while using the 
fl ame let concept is able to account fo r the slow chemistry of NO and the effects of 
radiation heat loss on detailed structure of the turbulent non-premixed flame, has been 
developed and its performance in turbulent bluff-body stabilized and piloted jet 
fl ames has been investigated . The developed combustion modelling strategy has been 
based on a non-adiabati c fl amelet model (NADM) integrated with either steady or 
unsteady non-ad iabatic fl amelets based NO submodels. 
Secondly, combustion models based on flamelet/progress vari able (FPV) approach, 
primarily developed (by Pierce and Moin, 2004) for turbulent non-premixed 
combustion, have been employed in RANS and LES frameworks and their capabi lity 
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to account for turbulent partially premixed combustion in a lifted jet flame in vitiated 
coflow has been investigated. N umerical investigations have been carried out using 
in-house finite vo lume based RANS and LES codes into which the advanced models 
have been incorporated. 
The non-adiabatic flamelet model uses an enthalpy defect concept to couple the 
radiation heat loss in the turbulent flow with the flamelet structure while the radiati on 
heat loss itsel f is calculated through a radiation submodel in the form of Discrete 
Transfer Method. The steady non-adiabatic flamelets based NO submodel (NADM-
NO-TRE) involves a simple technique of solving for mean NO mass fraction wi thin 
the turbulent flow with a NO production term obtained fro m enthalpy defect imposed 
steady non-adiabatic fl ame lets. The unsteady non-ad iabatic fl ame lets based NO 
submode l (NADM-EPFM) is based on Eulerian Particle Flamelet Model (EPFM). 
Additionally, adiabatic counterparts of the above NO submodels which can be 
integrated with SLFM, have been incorporated in RANS framework for facilitating 
compari sons. Simulations with non-adiabatic combustion modelling strategies as we ll 
as SLFM have been conducted fo r CH4!H2 bluff-stabi lized flames of Dally e l al. 
(I 998a, 2003) and the piloted Sandia D jet flame (Barlow and Frank, 1998, Schneider 
e l al., 2003) wi th Reynolds stress transport based turbulence closure. 
The FPY approach is based on a two sca lars, mixture fraction and reaction progress 
variable, formulation. According to the FPY approach, the diffusion flamelet structure 
is no longer parameterized with respect to the conventional sca lar dissipation rate. 
Instead, a flamelet parameter which is represented by the maximum reaction progress 
variable in a fl ame let is used to parameteri ze the flamelets and thi s prov ides the 
advantage of considering the partially extinguished flame let structure which is not 
possible with the scalar dissipation rate employed in SLFM and NADM. Depending 
on the marginal PDF for reaction progress variable, two model formulat ions of the 
FPY approach , FPY -0 function model and FPY -~ function model, have been derived. 
Both the models have been incorporated in the in-house RANS and LES codes. The 
turbulent partially premixed Berkeley CH4/air li fted jet flame in vitiated co fl ow 
(Ca bra el ai., 2005) has been used as the test case and modelling has been carried out 
with FPY models as well as SLFM in RANS and LES. 
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10.1 Conclusions 
The key conclusions from the RANS based mode ll ing of turbulent non-premixed 
flames are as fo llows: 
• For the HMI bluff-body stabilized flame, the predicted mixing field, 
temperature and major species with both SLFM and NADM are in reasonably 
good agreement with measurements and they are similar to each other thereby 
showing the weakly rad iating nature of the flame. The mixing field predictions 
with Reynolds stress transport (RST) model have a better accuracy than those 
with modified k-€ model in that the overprediction in centre line decay rate and 
the spreading rate of the jet are fairly reduced ( up to 50%) with RST model. 
• For the pollutant NO in HM I flame, predictions with the steady ad iabatic 
submodel SLFM-NO-TRE and steady non-adiabatic submodel NADM-NO-
TRE are in similar agreement with measurements and the agreement is 
reasonably good considering the simplicity of the submodels. However, minor 
but encouraging improvements are visible. The steady non-adiabati c submodel 
results in the ri ght trend of reducing the overprediction observed by its 
adiabatic counterpart. 
• The minor improvements in pollutant NO with consideration of radiation heat 
loss in steady f1am elets, are however subj ect to the condition that the effect of 
sca lar diss ipation rate on the mean NO source term is taken into account. 
Simplifications to non-ad iabatic modelling in the form of single representative 
scalar dissipation rate (NADS model in conjunct ion with NADS-NO-TRE), 
further increase the overprediction observed with steady ad iabatic NO 
submodel. 
• For the HM I flame, inclusion of transient effects through unsteady NO 
submodels remarkably improves the predictions throughout the flame . While 
the di fferences between the predictions obtained with unsteady adiabatic 
(SLFM-EPFM) and non-adiabatic submodels (NADM-EPFM) are fairly small 
- 249-
Conclusions and Future Recommendations 
due to modest heat loss effects, the unsteady non-adiabatic submodel provides 
the best match with the measurements. 
• The Sandia D jet flame exhibits re lati ve ly notable effects of radiation heat 
loss on the mean temperature and pollutant NO mass frac tion although the 
effects on major species are rather modest. The SLFM has been observed to 
significantly overpredict the mean temperature distribution especiall y in the 
far downstream measurement locat ions of the flame where the residence time 
is high enough for the radiation effects to be notable. Accounting for radiation 
heat loss through NADM model reduces the overprediction to appreciable 
leve ls thereby showing that the current non-adiabatic model is indeed 
effective. The still existing overprediction seems to be partly due to the 
underprediction of jet decay rate by the RST model and partly due to the 
turbulence radiation interactions which are neglected in the present study. 
• Comparisons of predicted and measured mean NO mass fractions in Sandia D 
jet fl ame show that the effects of radiation heat loss are more dominant than 
transient effects, unlike in HM I flame. This is especially true in the far 
downstream of the jet where the residence times are higher. Inclusion of only 
radiation heat loss through steady non-adiabatic model (NADM-NO-TRE) 
signifi cantly reduces the overprediction observed with steady adiabatic 
submodel (SLFM-NO-TRE). lnclusion of transient effects along with radiation 
heat loss through the unsteady non-adiabatic submodel (NADM-EPFM) 
results in relatively lesser improvement over the NADM-NO-TRE predictions. 
• Thus, the developed strategy of employing the non-adiabatic flamelet model, 
NADM, for calculating the mixing fi e ld, temperature and major species and 
subsequently employing NADM-EPFM for pollutant NO calculations has 
been found to be an effective alternative to SLFM based modelling in 
turbulent non-premixed combustion. 
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The key conclusions from the RA S and LES based modelling of the Berkeley 
CH4/air partially premixed turbulent lifted jet flame, are as fo llows: 
• Even wi th RANS based modelling, both the FPV-o function and ~ function 
models are able to successfully predict the li ft-off phenomenon while the 
incompleteness of SLFM formu lation is confirmed by its prediction o f an 
attac hed flame . The FPV-o function model, due to omiss ion of the effect o f 
progress variable fluctuations on the chemical source term , overpred icts the 
peak chemical source term and thereby results in a shorter stabilization height 
which is about 50% less than the measured he ight. The FPV -~ function model 
which models the fluctuations in the reaction progress variable through a 
vari ance transport equation, overpredicts the lift-off height by - 27%. 
• The shorter lift-off he ight predicted by FPV -0 functi on model results in 
signifi cant overprediction in the fuel jet penetration along centreline. 
consequently, the radi al profiles of mixing fi eld and mean temperature 
distribution within the fl ame are overpred icted. Although the FPV -~ function 
model improves the mixi ng field predictions, mean temperature distribution 
downstream of the measured fl ame stabili zation height is appreciably 
overpredicted . 
• From LES based modelling it is confirmed that the discrepancy in the mean 
temperature predictions observed with both the FPV models in RANS, is 
partly due to the limitation of steady RANS based modelling in resolving large 
sca le turbulent fluctuations as well as the limitation of FPV models in 
capturing extinction and re-ignition in conditions at or on the fuel lean side of 
stoichiometric mixture fraction. 
• Adopting LES significantl y improves the pred icted mean lift-off heights wi th 
both the models. For the FPV-o function model , the underprediction in mean 
lift-off he ight, which was observed to be - 50% with RANS, is reduced to 
30% with LES. For the FPV- ~ function model, the improvement is quite 
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remarkable in that the overprediction in mean lift-off height, which was - 27% 
in RANS , is completely resolved with LES . 
• Adopting LES also helps in rea li zing the abi lity of the Fry models (the Fry-p 
function model in particular) to predict the fluctuation of the flame base with 
an encouraging leve l of accuracy. This is confirmed from scattered 
temperature data. Consistent wi th the improvement in mean li ft-off height, the 
scattered data predicted by Fry -p function model shows exce ll ent agreement 
with measurements at the lifted flame base. The p functi on model is able to 
predict the broad flame base with inert mixi ng and partially reacted samples, 
remarkab ly we ll . The model is also able to predict the extinction and re-
ignition phenomena occurring in fuel rich zone of the flame base (or 
downstream end). However, in mixing conditions at or on the fuel lean side of 
stoichiometry (upstream end of fl ame base), the model is no t yet able to 
predict exti nction. Still , the predicted leve ls of fla me base fluctuati ons with the 
p function mode l are more favo urable than with 0 function model. 
• The improvement in mean lift-off heights and ability of the mode ls to predict 
certain degree of ex tinction and re-ignition prediction in LES, translates into 
an encouraging leve l of improvement in mean temperature. However, a fa ir 
degree of overprediction still ex its with e ither of the FPY models in LES as 
the models are not yet able to capture the extinction in fuel lean conditions. 
Also, radiation heat loss has not been considered in the present study and thi s 
may have contributed to the di screpancy to an extent. 
• Overall, the Fry models provide major advantage over SLFM in that they are 
able to predict the gross characteristics of turbulent partially premixed flames 
sati sfactorily . The Fry-p function model provides more rea li stic description 
of the structure of lifted flame and it highlights the vital ro le played by the 
form of the PDF for reaction progress vari able in Fry approach. With further 
refinements to the Fry -p function model, LES could be employed with 
greate r benefit to provide an accurate description of partially premixed 
combustion. 
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10.2 Recommendat ions for fut ure work 
• Although the current implementation of RST model in the in-house RANS 
code provides reasonably good mixing field predictions, discrepancies have 
been observed with respect to centerline decay rate and jet spreading rate. 
Future works can attempt full second moment c losure and generali zed gradient 
diffusion mode ls to improve the model's prediction capability. 
• The unsteady non-ad iabatic NO submodel (NADM-EPFM) currently uses an 
optically thin limit approxi mation with a rad iation source term in the flamelet 
equations for generating unsteady non-adiabatic flamelets. A strategy to 
generate these flam elets by imposing enthalpy defect instead of the radiation 
source term will be helpful in mak ing the model more consistent with the 
NADM model. 
• Current implementation of the NADM model di scounts turbulence-radiation 
interactions (TR!). Accounting for TRI should help in enhancing the 
sophistication of the non-adiabatic fl amelet modelling. 
• The causes for the di screpancies obse rved with the predicted levels of 
extinction with FPY models in LES can be invest igated in the directions of: 
o The definition of progress variable 
o Influence of assumptions in the model equation for progress vari able 
variance 
o Numerical accuracy of the procedure adopted to remap the look-up-
tables from fl amelet parameter space to progress va ri able space. 
o Form of the PDF for reaction progress variable 
• It is also worthwhile to include radiation heat loss effects in the FPY models 
through an optica lly thin limit approximation and study the extent to which the 
mean temperature predictions of the lifted fl ame could be improved. 
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10.3 Present contribution 
The key contributions from the current work are: 
I . Enhancement in the accuracy of turbu lence modelling capability of the in-
house RANS code tlu'ough the implementation of a Reynolds stress transport 
model 
2. Development of a RANS based turbulent non-premixed combustion modelling 
strategy using a non-adiabatic flamelet model integrated with steady or 
unsteady (EPFM) non-ad iabatic fl amelets based NO submodels. 
3. Enhancement in the sophi stication of the in-house RANS combustion 
mode ll ing capabi li ty through the incorporation of look-up-table concept based 
steady laminar flam elet model, non-adiabatic fl amelet model, steady and 
unsteady flamelets based NO submodels and flamelet/progress vari able (FPV) 
approach based models. 
4. Enhancement in the sophistication of subgrid sca le combustion modelling 
capability in the in-house large eddy simulation (LES) code through 
incorporation of look-up-table concept based steady fl amelet model and 
flamelet/progress variable approach based mode ls. The LES code is now 
capable of simulating both turbulent non-premixed and partia ll y premixed 
com bustion. 
5. Develo pment of FORTRAN 90 based pre-process ing too ls for generation of 
3D and 40 pre-integrated look-up-tables for SLFM, NADM, FPV -0 function 
and FPV -~ function model based CFD calculations. 
6. Validation of non-adiabati c flamelet modelling strategy through modelling of 
detai led structure including pollutant NO in turbulent bluff-body stabili zed 
fl ames as well as piloted jet flames. 
7. Fi rst eve r eva luation of the performance of FPV models in describing the 
thermal structure of lifted partiall y premixed jet fl ames using LES and RANS 
based mode ll ing. 
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Interpolation Schemes 
Depending on the employed combustion model and the number of di ctating 
parameters in look-up-table, 3D or 40 interpolation is carri ed out in CFD calculations 
for obtaining Favre filtered or averaged density, temperature, species mass fraction 
and source terms. In order to obtain a smooth distribution of the interpolated scalars, a 
4'h order interpolation scheme which accounts for di screti sation a long each dictating 
parameter is employed and is presented below. 
1.1 3D Interpolation 
A 3D interpolation is employed in SLFM and FPV-o function based ca lculations in 
RANS and LES . The interpolation methodology is illustrated by considering its 
application in SLFM where the look-up-tables are parameteri zed by mixture 
frac tion 2 , mixture fraction variance 2"2 and scalar diss ipation rate X . 
_ _"' 4 .... ___ +-__ -+--..IC - "2 (2, ,2 2 -, X, ) 0 : / (2,, 2 2 , ,) 
-" - - -" ~-_" -_" -c'--"c....: _" -+" ---oe 6 
(2,,2,"2 ,X,) (2 
-., 
!Lt 1_------_5 (2,,2, '" ,X,) (22 ,2," ,X,) 
Figure 1.1 : Scenario of 4'h order interpolation in 3D space 
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- - "2 Let Zo, Zo , Xo be the known values of the look-up-table parameters in a CFO 
contro l vo lume and ifJo be the va lue of the scalar to be eva luated in that contro l 
volwne. First, 20,20"2, Xo are located within ind ividual ID ordered matri ces for Z, 
2"2 and X respect ive ly in the look-up"table fo r sca lar ifJ. Subsequently, the bracketing 
-.;,...... -- ~'} ....... ~') 
points (Z" Z 2)' (Z, - , Z2 - ) and (Xt> X2) are identified. Combinat ions of these 
bracketing points correspond to locations in the 3D look-up-tab le which enclose the 
point where the unknown, the sca larifJo, is to be evaluated. Figure I depicts a 
hexahedron enclos ing the point '0' at which the value of the scalar is to be evaluated 
and its verti ces corresponding to the locations in the look-up-table where the scalar 
values (1,,1>2 ........ is)are known. The unknown value of the scalar 1>0 is then 
calculated by employing a vo lume weighted averaging procedure as given below: 
- - - "2 -"2 - -V I = (Zo - Z, ).(Zo - Z, )·(Xo - X,) 
- - -"2 - "2 - -V2 = (20 -2,) .(20 -2, )·(X2 - Xo) 
- - -"2 -"2 - -V4 =(20 -2,).(22 -20 ).(X,-Xo) 
- - -"2 -"2 - -VS = (22 - 2 0).(20 - 2, ).(Xo - X,) 
- - -"2 -"2 - -Total vo lume TV = (22 - Z, ).(22 - Z, ),(X2 - X,) 
The Favre fi lte red or averaged va lue of the sca lar is then eva luated from: 
;: _ i, Y7 + 1, .VS + 1,.vS + 1>,.v6 + J;.v3 + ~.V 4 + 1>,.v1 + isY2 
'1'0 - TV 
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I.2 4D Interpolation 
A 40 interpolation is required when the CFO ca lculations employ FPY -p function 
model or NADM model. The look-up-tab les for FPY -P function model are 
parameterized by mixture fracti on Z, mixture fraction vari ance Z"l , reaction progress 
vari able C and its variance C·, . The methodology adopted for interpolation is similar 
to that in 3D except that the num ber of points enclosing the po int of eva luation is now 
raised to 16. 
...... ...... ...... ~2 ....., ~2 ...... ...... ....., "2 ..... "2 
V I S = (2, -20 ).(2 , -20 ).(C, -Co ).(C, -Co ) 
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...... - ....., "2 -- "2 ....... -- - "2 -- "2 
Total volume TV = (2, - 2, ).(2, - 2, ).(C, - c, ).(C, - C, ) 
The Favre fi ltered or averaged va lue or the scalar is then evaluated from: 
- 1,.v7 + i , 'vs + 1i,'vS + i4,V6 + 'i,,V3 +~,v 4 + i 7,Vl + 'is,V2 ~= + 
TV 
1,,V7 + 1i,'v8 + 1i,,V5 + 'i.,V6 + 'i, .V3 +~,v 4 + i 7,V I + 'isY2 
TV 
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